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1.1 Clusters of galaxies
Galaxy clusters are the most massive bound objects in the universe, with a typical
mass of  1014   1015 h 1 M

and size  1   3 h 1 Mpc. Their mass budget consists
on dark matter (75%, on average), hot diffuse intracluster plasma (' 20%) and a
small fraction of stars, dust, and cold gas ( 5%), mostly locked in galaxies. In the
hierarchical scenario of structure formation in the universe, clusters of galaxies are
located at the nodes of the filamentary large-scale structure of the cosmic web and
form by subsequent merging of smaller structures and inflow of matter along the
supercluster filaments (e.g. Evrard & Gioia 2002).
Merger events drive shock waves in the cluster environment. They release a con-
spicuous amount of energy ( 1063   1064 erg) into the Intra Cluster Medium (ICM),
which is heated up to 107   108 K, thus able to emit high-energy radiation. The
most convincing evidence of cluster mergers is, in fact, provided by deep X-ray ob-
servations. The morphology, temperature, and surface brightness distribution of the
thermal plasma give important information of the dynamical state of the host cluster.
The merger shocks are also responsible for the (re-)acceleration of relativistic parti-
cles in the ICM. In recent years, the improved capabilities of radio interferometers
increased the detection of filaments of radio emission and extended diffuse features
in clusters, which are the direct result of such acceleration processes.
The goal of this introduction is to give an overview of the current knowledge of
the non-thermal components of the ICM, summarizing both the observational and
the theoretical status. This chapter is organized as follows. In Sect. 1.2 we introduce
the properties in total intensity and polarization of synchrotron radiation, which
is the main process at the origin of the radio emission in radio sources. Sect. 1.3
presents RM-synthesis, an important technique that we have used to analyze our po-
larimetric data. In Sect 1.4 we give an overview of the main observational properties
of halos and relics, presenting the models which explain their origin and evolution.
Other important cluster radio sources, the radio galaxies, are discussed in Sect. 1.5.
The Westerbork synthesis radio telescope (WSRT), which has been used for the ob-
servations of this project, is presented in Sect. 1.6. Sect. 1.7 discusses the main issues
related to low-frequency radio observations, which have been faced during the data
reduction. The galaxy clusters studied in the thesis are introduced in Sect. 1.8, where
we also summarize the main results that have obtained.
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1.2 Synchrotron radiation
The main process at the origin of the radio emission in the universe is the syn-
chrotron process. Its spectral and polarization properties give important information
on the physics and evolution of the radio sources.
1.2.1 The synchrotron spectrum and polarization
The synchrotron emission is produced by relativistic electrons spiraling in a magne-
tic field. An electron with energy E = mec
2, where  is the Lorentz factor, moving in
a region with a magnetic field B experiences a v  B force and emits radiation into a
cone of half-angle   1 about its instantaneous velocity. Given the large number of
relativistic electrons in radio sources, the radiation received by the observer will be






where  is the pitch angle between the electron velocity and the magnetic field direc-









Substituting in equations 1.1 and 1.2 the values of the constants in practical units, we
obtain












 6:0  10 9(B[G]sin)
2(E[GeV])
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From equation 1.3, we derive that electrons with   103   104 in  1 G magnetic
fields radiate in the radio domain.
In astrophysical environments, one assumes a homogeneous and isotropic popu-
lation of relativistic electrons with a power-law energy distribution, i.e. with particle
density between E and E + dE given by
N(E)dE = N0E
 ÆdE : (1.5)
In this case, the total intensity spectrum in regions which are optically thin to their
own radiation varies as (Blumenthal & Gould 1970):
S() /  ; (1.6)
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where the spectral index  is related to the index of the electron energy distribution
Æ through  = (1   Æ)=2.
Below the frequency where the synchrotron emitting region becomes optically thick,
the total intensity spectrum is described by:
S() / +5=2: (1.7)
The synchrotron emission produced by a population of relativistic electrons in a
uniform magnetic field is linearly polarized. In the optically thin case, the degree of





with the electric (polarization) vector perpendicular to the projected magnetic field
onto the plane of the sky. For typical values of the particle spectral index of Æ  2 3,
the intrinsic polarization degree is  70   80%. In reality, radio sources show frac-
tional polarizations lower than this, due to magnetic fields with random topologies
either within the source or over the angular size of the beam (see Sect. 1.2.4).
1.2.2 Time evolution of the synchrotron spectrum
By integrating expression 1.2, we derive that, because of their synchrotron emission,





where E0 represents the electron energy at t = 0 and b = 2e
4
=(3m4e c
7) = 2:37  10 3
in c.g.s. units. The electron energy halves after a time t = [b(Bsin)2t] 1, which
we identify as the particle lifetime. Similarly, one defines a characteristic energy
E = [b(Bsin)2t] 1, such that a particle with energy E0 > E
 will lose most of its
energy at a time t.
For an ensemble of electrons, the overall particle energy is affected by the energy
of each particle and consequently the resulting synchrotron spectrum is modified.
Since the electrons with an energy E0 > E
 lose most of their energy at a time t,
in the spectrum one observes a break frequency , such that for  <  the spec-
trum is unchanged, while it steepens for  > . Under the assumption that the
particles were produced in a single event with a power-law energy distribution,
N(E; 0)dE = N0E
 ÆdE, the spectrumwill fall rapidly to zero after the break frequency.
On the other hand, if new particles were produced and continuously injected in the
radio source, the final spectrum will show a steepening of –0.5 above . These sce-
narios are displayed in Fig. 1.1.
Due to the processes discussed above, every spectrum showing a cut-off is indica-
tive of ageing of the radio emitting particles. At the same time, a spectrum showing
no cut-off, but having a steep spectral index ( .  1), also indicates ageing, since it
refers to a frequency domain higher than the break frequency.
There are mainly two models that describe the steepening of the radio spectrum
above :

























Figure 1.1: Synchrotron spectra shown by a standard electron population (left panel) and by
an aged electron population with (right panel) and without (central panel) injection of new
particles.
 the Kardashev-Pacholczyk model (KP model, Kardashev 1962; Pacholczyk 1970), in
which the electrons maintain the same pitch angle with respect to the B lines.
The particles will loose a different amount of energy depending on the value
of this parameter;
 the Jaffe-Perola model (JP model, Jaffe & Perola 1973), where one considers an
electron population with an isotropic distribution of pitch angles. This results
in a sharp energy cutoff in the energy electron distribution, with a synchrotron
spectrum showing an exponential drop at high frequency.
The knowledge of the break frequency is crucial, since it gives information on the









where B is the magnetic field in G, the frequency  is in GHz and
BCMB = 3:25(1 + z)
2
G and represents the equivalent magnetic field of the cosmic










1.2.3 Equipartition magnetic fields
The total energy content of a synchrotron source is due to the energy in relativistic
particles (Uel in electrons andUpr in protons) plus the energy in magnetic fields (UB):
Utot = Uel +Upr +UB : (1.12)
Synchrotron radiation 13





where  represents the fraction of the source volume filled with the plasma and
magnetic fields and is called the “filling factor”.




2 f (Æ; 1; 2) ; (1.14)
where Lsyn is the synchrotron luminosity of the source observed between two fre-
quencies 1 and 2, and f (Æ; 1; 2) is a function of the index of the electron energy
distribution and of the observing frequencies (Pacholczyk 1970). If we assume that
the energy in protons is proportional to the energy in electrons (i.e. Upr = kUel),
equation 1.12 becomes
Utot = (1 + k)LsynB
 
3




The function defined by equation 1.15 has a minimumwhen the contributions of the




(1 + k)Uel : (1.16)
For this reason, the minimum energy is known as the “equipartition value”.
By assuming the same volume in particles and magnetic field ( = 1), and after
applying the K-correction, the total minimum energy density umin (= Umin=V) of





= (; 1; 2)(1 + k)
4=7(0[MHz])















where (; 1; 2) is a constant which is tabulated in Govoni & Feretti (2004) and d
is the source depth. The latter formula is mainly used for significantly extended
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The magnetic field calculated in the minimum energy condition is known as the
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By knowing umin of a source, it is possible to derive the minimum internal pres-
sure due to magnetic field and particles. This is given by




where   is the adiabatic index of the plasma. Equation 1.20 holds in the case of
relativistic plasma, for which   = 4=3.
In the standard approach presented above, the computation of the equipartition
parameters is based on the integration of the synchrotron radio luminosity between
two fixed frequencies 1 and 2 (usually one adopts 1 = 10 MHz and 2 = 100 GHz).
The electron energies corresponding to these frequencies depend on the magnetic
field value (see equation 1.1), thus the integration limits of the synchrotron radio
luminosity are variable in terms of the energy of the radiating electrons. This aspect
is particularly relevant for the lower limit, owing to the power-law shape of the
electron energy distribution and to the expected presence of low-energy electrons in
cluster extended features. It has been therefore suggested to derive the equipartition
parameters by integrating the electron luminosity over an energy range (min   max)
(Brunetti et al. 1997). For min << max and  <  0:5, the new expression for the









where B0eq and Beq are expressed in Gauss. Typically, for Beq  1G, min  100, and
   0:75 1, this new approach gives magnetic fields which are 2 to 5 times larger
than those obtained through the standard method.
It is worth noting that the equipartition values are approximated estimates. The
main uncertainty results from the various assumptions adopted for their determina-
tion. The fraction of the radio source filled with particles and magnetic fields () is
very uncertain. Also the value of k, which depends on the mechanism of generation
of relativistic electrons, is to date poorly known. Values usually assumed in the li-
terature for clusters are k = 1 or k = 0. However, recent studies of radio sources in
galaxy clusters have pointed out that this parameter must vary widely from approxi-
mately unity to 4000 (Dunn & Fabian 2004; Dunn et al. 2005; Bıˆrzan et al. 2008). Such
high values could account for the discrepancy between minimum internal pressure
and that of the external plasma observed for cluster radio sources (Giovannini et al.
1985; Morganti et al. 1988; Feretti et al. 1990; Giovannini et al. 1991, 1993).
1.2.4 Faraday rotation and depolarization
The polarized signal is described by the polarization vector p, whose intensity (P)
and angle () are given by
P =
p









where Q, U, and V are the Stokes parameters.
The presence of a magnetized plasma between the observer and a radio source
changes the properties of the polarized signal. The polarization vector rotates while
crossing a magnetized and ionized plasma according to
obs() = int + 
2
 RM ; (1.24)
where int is the intrinsic polarization angle of the signal, obs is the polarization
angle observed at a wavelength , and RM is the plasma Rotation Measure.
The RM depends on the plasma magnetic field (B
k
) and electron density (ne) along
the line of sight through
RM [rad m 2] = 812
Z L[kpc]
0
ne [cm 3]Bk[G]dl ; (1.25)
where L is the distance of the source from the observer. By convention, RM is positive
for magnetic fields pointing towards the observer.
By computing the position angle of the polarization vector obs at different wave-
lengths, the RM of radio sources can be obtained through a linear fit of the measure-
ments (1.24). The observations have to be performed at least at three wavelengths in
order to remove the n ambiguity.
If Faraday rotation leads to a decrease of the polarized flux of the radio signal, we
talk about Faraday depolarization. The observed degree of polarization mobs()
1 of a
signal coming from a radio source can be significantly lower than the intrinsic value,
mint, if differential Faraday rotation occurs. The scenarios for which depolarization
is observed can be different:
 external Faraday depolarization is induced by the limitations of the instrumen-
tal capabilities and is due to beam depolarization or bandwidth depolariza-
tion. Beam depolarization is caused by magnetic field and/or electron density
fluctuations in a foreground screen on scales smaller than the observing beam.
Bandwidth depolarization occurs when the observations are carried out within
a wide frequency band, so that the polarized vector rotates by a large amount
within it;
 internal Faraday depolarization is due to the spatial extent of the source itself
along the line of sight and it takes place even if the crossed media are com-
pletely homogeneous. The emission from individual electrons within a source
arises from different depths and suffer different Faraday rotation depending on
the path length. This causes a reduction of the source polarization degree. In
the simple case in which the source is modeled as an homogeneous, optically





where RM0 is the RM internal to the source (Burn 1966).
1m is defined as the ratio between the polarized and the total intensity flux.
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The distinction between internal and external Faraday depolarization requires high
resolution and sensitive polarization data at multiple frequencies. While the latter
is strongly dependent on the resolution of the observations, the former should be
present also with an infinitely small beam.
1.3 RM-synthesis
RM-synthesis is an important tool to analyze and interpret polarization data. This
technique works with a series of Q and U images of the target sources as a input and
it produces a final RM-cube as a output. This cube displays the polarized emission as
a function of Faraday depth. RM-synthesis was already mentioned by Burn (1966)
and is also used by the pulsar community (Mitra et al. 2003; Weisberg et al. 2004),
but only recently it has been applied to large datasets. A full description of how this
technique works is presented by Brentjens & de Bruyn (2005). In the following, we
give a short overview.
RM-synthesis avoids bandwidth depolarization by averaging the complex pola-
rization P(2) = Q(2) + iU(2) of many narrow-band channels after de-rotating all
P(2) to a common wavelength 0, assuming a certain Faraday depth . The result
is the Faraday dispersion function (Burn 1966):















































is the average 2 of channel i, 2
0




and wi is the weight of the data point. R() is the rotation measure spread function
(RMSF). The RMSF depends on the setup used for the observations, i.e. on their 2
coverage.
Due to the sparse sampling in 2 of the observations, the RM-cubes often show
sidelobes which are a significant fraction of the main peak. To attenuate them one
can apply a one-dimensional deconvolution, which is an extension of the Ho¨gbom
(1974) CLEAN to the complex domain. The procedure, first described in Brentjens
(2007), proceeds as follows:
1. In each spatial pixel, the complex (Q();U()) spectrum is cross-correlated
with the complex RMSF and the location of the peak in Faraday space (m)
is determined;
2. if P(m) is greater than the cutoff defined by the user, then a shifted and scaled
version of the RMSF is subtracted from the complex (Q();U()) spectrum;
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3. the complex scaling factor is stored as a “clean component”;
4. steps 1–3 are repeated until one reaches the cutoff value;
5. finally, the clean components are restored with a restoring beam with a speci-
fied FWHM and added to the residual F().
1.4 Halos and Relics
Observations at radio wavelengths of clusters of galaxies revealed the presence of
large-scale diffuse radio sources, which cannot be obviously associated with any
individual galaxy. They have been classified as halos and relics (Feretti & Giovannini
1996) and their properties have been reviewed by Feretti & Giovannini (2008). The
number of cluster with halos and relics is presently around 50 and it is continuously
growing. Halo and relics indicate the existence in clusters of relativistic particles
with Lorentz factor >> 1000 and magnetic fields of the order of  0:1   1G over
the cluster volume. The knowledge of the physical properties of these radio sources
has enormously increased in recent years, due to higher sensitivity radio images and
to the development of theoretical models. Since halos and relics are related to other
cluster properties in the optical and X-ray domain, their study is very important for a
comprehensive description of the ICM and for our deep understanding of the history
and the evolution of clusters.
1.4.1 Radio halos
Radio halos are extended ( 1Mpc), diffuse, low-surface brightness ( 1 Jy arcsec 2
at 20 cm), and generally unpolarized radio features located at the cluster center. The
prototype of this class is the diffuse source COMA C at the center of the Coma clus-
ter (A1656), first classified by Willson (1970). Other well studied and well known
halos belong to A665 (Markevitch & Vikhlinin 2001), A2219 (Giovannini et al. 1999),
A2255 (Feretti et al. 1997a), A2319 (Feretti et al. 1997b), A2744 (Giovannini et al.
1999), 1E0657-56 (Liang et al. 2000), and to the distant cluster CL0016+16 (Giovan-
nini & Feretti 2000). All these clusters are non cooling core systems showing signs
of past merger activity. Radio halo sources of small size ( 1Mpc) have also been
detected in clusters of galaxies with similar properties: A401 (Burns & Ulmer 1980),
A1300 (Reid et al. 1999), A2218 (Giovannini & Feretti 2000), and A3562 (Venturi et al.
2003).
Unlike the thermal X-ray emission, the presence of diffuse radio emission is not
common in clusters of galaxies: the detection rate of radio halos, at the detection
limit of the NRAO VLA Sky Survey (NVSS) is 5% in a complete sample (Giovannini
et al. 1999). The detection rate increases for clusters with high X-ray luminosity; the
35 % of clusters with X-ray luminosity larger than 1045 erg s 1 (in the ROSAT band
0.1-2.4 keV, computed assuming H0 = 50 km s
 1 Mpc 1 and q0 = 0:5) shows a giant
radio halo (Giovannini & Feretti 2002).
Typical radio powers of halo sources are of the order of 1024   1025 W Hz 1 at
1.4 GHz. Halos with a higher radio power are more extended, but no strong corre-
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Figure 1.2: Contour map of the radio halo of the Coma cluster (Coma C) at 90 cm overlaid on
the DSS optical image (Feretti 2002)
lation between these two quantities has been found. Equipartition magnetic fields
are of the order of 0.1 - 1 G. Minimum energy densities are between  5  10 14
and 2  10 13 erg cm 3, making the energy content in radio halos about 2-3 order of
magnitude lower than that of the thermal gas.
Studies of radio halos at frequencies above 300 MHz have shown that their total
radio spectra are steep (   1), as typically found in aged radio sources. Only for
a few radio halos detailed determinations of the integrated spectrum are available.
The best studied radio halo is COMA C, which is characterized by a steepening at
high frequencies. The spectrum in A1914 is also very steep, with an overall slope of
   1:8. In A754, Bacchi et al. (2003) estimate 0:3GHz
0:4GHz
  1:1, and 1:4GHz
0:3GHz
  1:5,
and infer the presence of a possible spectral cutoff. Indication of a high frequency
steepening is also inferred in A2319 (0:6GHz
0:4GHz
  0:9 and 1:4GHz
0:6GHz
  2:2, Feretti et al.
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1997b).
For the few clusters where radio spectral index maps are available, like Coma (Gio-
vannini et al. 1993), A2163, A665 (Feretti et al. 2004), A3562 (Giacintucci et al. 2005),
A2744 and A2219 (Orru´ et al. 2007), the radio spectrum steepens radially with increa-
sing distance from the cluster center or it is patchy over the halo surface. In addition,
there is evidence in some clusters for a flattening of the spectral index in regions in-
fluenced by merger processes (A665 and A2163). From the spectra of radio halos it
is derived that the radiative lifetime of the relativistic electrons, due to synchrotron
and inverse Compton energy losses, is of the order of  108 yr (Sarazin 1999). This
raises important questions about the possible origin of these structures. Since the ex-
pected diffusion velocity of the relativistic electrons through the cluster volume is of
the order of the Alfve´n speed (100 km s 1), their lifetime is far too short to diffuse
throughout the halo volume. In fact, to cover a distance of just 500 kpc would re-
quire to them 5 109 yr. Therefore, the particles cannot have been produced at some
localized position in the cluster, but they must undergo in situ acceleration, acting
with an efficiency comparable to the energy loss processes (Petrosian 2001). Recent
cluster mergers are thought to favour this process (see Sect. 1.4.1.1).
Radio and X-ray properties of halo clusters are morphologically related. Halos
show a close similarity to the X-ray structures, suggesting a connection between non-
thermal and thermal components of the ICM. This similarity was first quantitatively
confirmed by Govoni et al. (2001a), who compared the point to point brightness
surface of the radio and X-ray emission in four clusters and found a nearly linear
relationship for A2255 and A2744, and a power-law relation with index < 1 for Coma
and A2319. A power-law correlation is also found for A2163 (Feretti et al. 2001).
The most powerful radio halos are detected in the most X-ray luminous clusters.
This is confirmed by the correlation shown in Fig. 1.3 between the monochromatic
halo radio power at 20 cm and the bolometric X-ray luminosity of the hosting cluster
(Liang et al. 2000; Giovannini & Feretti 2002). The bottom panel of Fig. 1.3 shows the
correlation between the average surface brightness of the radio halo and the clus-
ter X-ray luminosity. Since the brightness is an observable, this correlation can be
used to set upper limits to the detectability of radio halos in merging clusters. The
above correlation implies that clusters with LX  10
45 erg s 1 would host halos with
a power of a few 1023 W Hz 1. With a typical size of 1 Mpc, they would have a
radio surface brightness lower than current limits obtained in the literature and in
the NVSS. New generation radio interferometers will allow the detection of low-
brightness/low-power large radio halos, clarifying whether they are present in all
merging clusters or in the most massive ones only. Since cluster X-ray luminosity
and mass are correlated (Neumann & Arnaud 1999, 2001), the above result implies a
dependence of the radio power on the cluster mass (P1:4GHz / M
2:3, where M is the
total cluster gravitational mass within a radius of 3h 1
50
Mpc, Govoni et al. 2001b).
Cassano et al. (2004) showed that the correlation is steeper if one considers the clus-
ter mass within the virial radius. This result suggests that the cluster mass might
be a crucial parameter in the formation of cluster radio halos, as also suggested by
Buote (2001).
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Figure 1.3: Top panel: Monochromatic radio power at 20 cm vs cluster bolometric X-ray
luminosity. Bottom panel: average surface brightness of the radio halos vs cluster X-ray lumi-
nosity. Filled and open circles refer to halos whose size is > or <1 Mpc, respectively (Feretti &
Giovannini 2008).
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1.4.1.1 Models for radio halo formation
Several theories have been developed to explain the origin of the relativistic parti-
cles in radio halos and for the mechanisms transferring energy into the relativistic
electron population.
The observations reveal that clusters hosting extended radio emission are charac-
terized by a strong dynamical activity, related to merging processes. These clusters
in fact show: (i) substructures and distortion in the X-ray brightness distribution
(Schuecker et al. 2001); (ii) temperature gradients (Markevitch et al. 1998) and gas
shocks (Markevitch et al. 2003); (iii) absence of a strong cooling core (Schuecker et al.
2001); (iv) larger distance from the nearest neighbors, compared to clusters with simi-
lar X-ray luminosity (Markevitch et al. 1998). The fact that they appear more isolated
supports the idea that recent mergers lead to a depletion of the nearest neighbors.
The relativistic electrons responsible for the diffuse radio emission can be either
primary or secondary electrons.
1.4.1.2 The primary models
The primary models explain the halo emission as due to the diffusion of the relati-
vistic electrons throughout the cluster volume. These models were first suggested
by Jaffe (1977) and Rephaeli (1977) and used by Valtaoja (1984) to explain the spa-
tial radio intensity distribution of the Coma cluster halo at 430 MHz. Although they
were improved by including ionization and bremsstrahlung losses (Rephaeli 1979),
it was clear that, because of the severe energy losses suffered by the electrons due
to synchrotron and inverse Compton emission, they needed in-situ re-acceleration to
justify the required long particle lifetimes (Jaffe 1977). For this reason, the primary
models are also referred to as “re-acceleration models”.
Primary electrons are injected into the cluster volume by AGN activity (quasars,
radio galaxies, etc...) or by star formation in normal galaxies (supernovae, galactic
winds, etc...) during the cluster dynamical history. Harris et al. (1980) suggested
that the shocks and turbulence necessary for the magnetic field amplification and
the particle acceleration to high energies is provided by merger events. This hypo-
thesis was supported by Tribble (1993), who showed that the energetics involved in
a merger are enough to power radio halos. In this framework, halos are expected
to be transient phenomena, since the relativistic electrons lose energy on time scales
of  108 yr and the typical time interval between cluster mergers is of the order of
 109 yr (Dunn et al. 2005). This argument was used to explain why radio halos are
rare.
On the observational point of view, the primary models predict that the accele-
rated electrons have a maximum energy at  < 105, resulting in a high frequency
cut-off in the final spectrum (Brunetti 2004). Therefore, a high frequency steepening
of the integrated spectrum is expected, as well as a radial steepening and/or a com-
plex spatial distribution of the spectral index between two frequencies, the latter due
to different re-acceleration processes acting in different cluster regions. Moreover, as
discussed above, these models predict a tight connection between radio halo forma-
tion and cluster mergers.
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1.4.1.3 The secondary models
To avoid the energy loss problems of the radiating electrons during their diffusion
through the cluster, Dennison (1980) suggested that the radio emission in halos could
be produced from a population of secondary electrons. These derive form inelastic
nuclear collisions between the relativistic proton and the thermal ions of the am-
bient ICM. Due to their negligible energy losses, the protons have long lifetimes,
allowing them to diffuse over large cluster volumes. At different cluster locations,
they can then produce in-situ electrons, distributed throughout the cluster volume
(Blasi & Colafrancesco 1999). The secondary models reproduce the basic properties
of the radio halos, provided that the strength of the magnetic field, averaged over
the emitting volume, is larger than a few G. They predict synchrotron power-law
spectra which are independent on the cluster location, i.e. no radial steepening of the
spectral index is expected in this case. Moreover, they predict spectral index values
lower than    1:5 (Brunetti 2004). The profiles of the radio emission should be
steeper than those of the X-ray gas (e.g. Govoni et al. 2001a). Since the relativistic
electron derive from protons accumulated during the cluster formation history, no
correlation with recent mergers is expected, but halos should be present virtually in
all clusters. Gamma-ray and neutrinos emission is also predicted.
The spectral properties of known radio halos, their connection to merger pro-
cesses and the fact that they are not present in all clusters, support the primary re-
acceleration models.
1.4.1.4 The particle re-acceleration
As mentioned above, cluster mergers play a major role in the energetics of the rela-
tivistic particles in the primary models. The mechanisms that can transfer energy to
the electrons are:
 acceleration at shock waves (Sarazin 1999; Keshet et al. 2004);
 resonant or non-resonant interaction of electrons with magneto-hydrodynamic
(MHD) turbulence (Brunetti et al. 2001, 2004; Petrosian 2001; Fujita et al. 2003).
Shock acceleration is a first-order Fermi-I process of crucial importance in astro-
physics. It occurs diffusively, with the relativistic particles scattering back and forth
across the shock, gaining an amount of energy which is proportional to their own
energy. The acceleration efficiency is mostly determined by the shock Mach number.
For radio halos, there are a few arguments which disfavour an origin related to
shocks, as (i) the detected shocks with X-ray observations in cluster centers have
inferred Mach numbers in the range of  1   2:5, which seems too low to accelerate
the radio halo electrons (Gabici & Blasi 2003); (ii) the halo radio emission is spread
over a large cluster volume and it is difficult to associate it to localized shocks; (iii)
the comparison between radio and high resolution X-ray data shows that some clus-
ters exhibit a spatial correlation between the radio halo emission and the hot gas
regions (Govoni et al. 2004). However, this is not a general feature and there are
cases in which there is no radio emission associated with the hottest gas regions; (iv)
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The spectral index distribution in A665 (Feretti et al. 2004) does not show a flattening
at the location of the hot shock detected by Chandra (Markevitch & Vikhlinin 2001).
Current observations favour cluster turbulence as the mechanism at the origin of
the electrons re-acceleration in radio halos. Numerical simulations show that cluster
mergers are able to produce turbulence on scale of 0:1   1 Mpc. In this case, the ac-
celeration is rather inefficient compared to the shock acceleration. The time window
in which the process is effective lasts for a few 108 yr, so that the radio emission is
expected to correlate with the most recent or ongoing mergers.
1.4.2 Radio relics
Relics are diffuse extended radio sources located at the cluster periphery. As the ra-
dio halos, they also have a steep spectrum (   1) and a big size ( 1 Mpc), but they
generally show an elongated morphology (with the major axis perpendicular to the
direction of the cluster radius) and are strongly polarized (20–40%). The available
data and knowledge about radio relics are still poor. Sizes and flux densities of relics
could be underestimated, due to the lack of deep high resolution observations. Very
few spectral index maps have been published so far, because multi-frequency ob-
servations are still missing. Moreover, many relics lying at the cluster periphery are
located in the external regions or outside the available X-ray images. In these cases,
a comparison between radio and X-ray data is difficult or not possible.
Currently, in 30 galaxy (rich Abell) clusters at least one relic source was detected
(Giovannini & Feretti 2004). The most extended and powerful sources are found in
clusters hosting also a radio halo (see right panel of Fig. 1.4). A few galaxy clusters
show the presence of multiple extended relics lying symmetrically with respect to
the cluster center. In these cases, they have a typical elongated structure. In the
parent cluster, no halo source is detected. The best known example of this class of
relics is observed in A3667 (see left panel of Fig. 1.4, Ro¨ttgering et al. 1997).
The detection rate of relics in a complete sample of clusters is 6% at the detec-
tion limit of the NVSS (Giovannini et al. 1999). They are detected in clusters with
and without cooling flow, suggesting that they may be related to minor or off-axis
mergers, as well as to major mergers. Several models have been proposed to explain
their origin (see Sect. 1.4.2.2).
The radio power of relics correlates with the cluster X-ray luminosity (Feretti
2002; Giovannini & Feretti 2004), as also found for halos (see Sect. 1.4.1), although
with a larger dispersion. The existence of this correlation suggests a connection be-
tween thermal and non-thermal components of the ICM also in the peripheral cluster
regions.
The steep spectra of radio relics are typical of old radio sources. Taking into ac-
count synchrotron and inverse Compton losses, the radiative ages of their relativis-
tic particles are of the order of 108 years. The detailed spectral index distribution is
known for the relics of A3667 (Ro¨ttgering et al. 1997), the Coma cluster (Giovannini
et al. 1991), S753 (Subrahmanyan et al. 2003), A2744 and A2219 (Orru´ et al. 2007), and
A2345 and A1240 (Bonafede et al. 2009). Apart from one of the two relics of A2345,
in all these other examples the spectral index flattens going from the regions closer
to the cluster center to the outer rim. This is consistent with the presence of electron
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Figure 1.4: Left panel: Contour map of the radio emission of A3667 at 36 cm overlaid onto
the grey-scale ROSAT X-ray image (Ro¨ttgering et al. 1997). Right panel: 1.4 GHz VLA image
of the halo and the relic source in A2744 (Govoni et al. 2001b).
re-acceleration in an expanding merger shock (see 1.4.2.2).
1.4.2.1 A morphological classification
Depending on their morphology, relics can be classified as follows:
1. Classic giant relics. To this class belong the elongated and peripheral diffuse
radio sources. The prototype is represented by 1253+275 in the Coma cluster
(Giovannini et al. 1991). Other examples can be found in A2255, A2744, A1367,
and A115. Most of these sources have a size ranging from 400 kpc to 1.5 Mpc.
The radio emission is usually polarized.
2. Circular peripheral relics. Two clusters (A548b and A1664) host a relic which
shows an extended circular shape (Govoni et al. 2001b; Feretti et al. 2006). This
peculiar morphology (see Fig. 1.5) could suggest that the relics might be ex-
tended 2-dimensional disk-like features seen in projection. However, this is
obviously not the case because of the large number of extended relics known
in the literature. It is moreover evident that, when observed at high resolution,
the relic in A1664 hosts substructures (Govoni et al. 2001b).
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Figure 1.5: 1.4 GHz VLA map of the relic source in A1664 superimposed onto the grey-scale
cluster X-ray emission detected by ROSAT PSPC (Govoni et al. 2001b).
3. Relic sources near the first ranked galaxy. In a few cluster, extended relics are
found near the central first ranked galaxy (FRG, usually a cD galaxy), but not
coincident with it. These extended sources are still classified as relics, although
they do not lie at the cluster periphery, since their connection with the FRG is
not clear (but see Fujita et al. 2002, for A133). Their distance from the cluster
center ranges between 50 and 350 kpc. It is worth noting that if these sources
derive from a past activity of a central galaxy, they should present a double
structure, which is not observed.
These relics are generally small (< 100 kpc in A133, A2063, A4038), but ex-
amples of large ones are also reported, as in the case of A85 (360 kpc) and
A13 (650 kpc). They have very steep spectra ( <  1:5), with evidence of
high-frequency steepening. The radio emission is highly polarized and shows
a regular shape with evident filaments inside (see Slee et al. 2001).
4. Relics at large distance from the cluster center. Member of this sub class are the
relics 0917+75, possibly belonging to A786, and that of A2069. The first one
(Dewdney et al. 1991; Harris et al. 1993) is located at 3.8 Mpc from the near-
est rich clusters of galaxies, while the second one (Giovannini et al. 1999) at
4.6 Mpc from the cluster center. Given their large distance from the cluster
center, a connection between these relics and their clusters is difficult to under-
stand.
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5. Filaments. Extended radio emission has been detected in some cases in between
galaxy clusters. This could be classified as “filamentary radio emission”, which
was already observed in a few clusters as a bridge connection between halo and
relic. Examples of relics of this class are provided by Coma, A2255, and A2744.
Radio emission from filaments imply the existence of magnetic fields on a
super-cluster scale, raising questions about the origin of the relativistic par-
ticles.
1.4.2.2 Models
Peripheral cluster regions do not host a sufficiently dense thermal proton population
which is required as the target for the efficient production of secondary electrons.
Therefore, secondary models cannot account for the origin of relics. Given their
morphological and spectral properties, relics could be associated with shock waves
traveling into the ICM and produced by the flows associated with cosmic large-scale
structure formation. Because of the short radiative lifetimes of the electrons, radio
emission is produced close to the location of the shock, which is consistent with the
geometry of the observed relics, showing an elongated shape perpendicular to the
merger axis. The shock wave can accelerate the electrons to the required energies
through:
 Fermi-I diffuse shock acceleration of thermal ICM electrons (Enlin et al. 1998);
 Adiabatic energization of relativistic electrons confined in fossil radio plasma,
released by a former active radio galaxy (Enlin & Gopal-Krishna 2001; Enlin
& Bru¨ggen 2002; Hoeft et al. 2004).
Both processes predict that the magnetic field within the relic is aligned with the
shock front, and that the radio spectrum is flatter at the shock edge, where the radio
brightness is expected to decline sharply. It is suggested, however, that these two
mechanisms create relics with different observational properties in clusters.
Giant radio relics are most likely originating from Fermi-I diffuse shock accel-
eration of ICM electrons. The morphology and location of most relics belonging
to this class are in agreement with this hypothesis and suggest an association to
shocks resulting from major cluster mergers, which should produce arc-like sym-
metric extended features at the cluster periphery (Schindler 2002). Based on some
observational results, however, a clear association between shocks and giant radio
relics is not always straightforward, especially in the case of relics with circular mor-
phologies and filamentary structures cited above (Sect. 1.4.2). Additionally, Feretti
& Neumann (2006) did not detect a shock wave at the location of the relic of Coma.
They suggested that the formation of this structure could be related to turbulence in
the ICM.
The moderate size radio relics, on the other hand, are most likely originated
by adiabatic compression of fossil radio plasma (“ghosts”), released by an AGN
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whose central engine has ceased to inject new plasma  1 Gyr ago. The old non-
thermal electrons, which would be undetectable at high ( GHz) frequencies, are
re-energized by the shock through adiabatic compression. These sources require the
presence of both shocks and relic plasma in the same regions of the cluster. One
prerequisite for this mechanism to be effective is that the electron population is not
older than 0.2-2Gyr (Enlin & Gopal-Krishna 2001). The time-scale depends on the
conditions in the surroundings, mainly the external pressure. In high-pressure envi-
ronments, such as in cluster cores, the synchrotron losses are expected to be higher
than in regions of lower pressure because the magnetic field in the pressure-confined
plasma is higher. This leads to a shorter synchrotron cooling time for the fossil radio
plasma and a reduced probability of flaring up during the passage of a shock. These
arguments justify the detection of this class of relics in the cluster external regions
only.
The shocks responsible for the relic formation could have different origins. They
can be grouped in two main classes:
 merger shocks, deriving from the merger of sub-clusters (Bykov et al. 2008);
 accretion shocks or large-scale structure (LSS) shocks, which derive from the accre-
tion of diffuse , unprocessed (cold) matter on gravitationally attracting nodes.
While merger shocks produce relic sources confined within the cluster environ-
ment, LSS shocks give rise to relics at large distance from the cluster center (Hoeft
et al. 2008).
1.5 Cluster radio galaxies
Other important cluster members in the radio domain are the radio galaxies. Their
emission often extends well beyond the optical boundaries of the host galaxy, out to
hundreds of kpc. Simulations show that the ICM is dynamic, filledwith shocks , high
winds, and turbulence. Therefore, it can interact with a radio source by modifying
its morphology via ram pressure, confining the radio lobes and possibly feeding the
active nucleus.
Tailed radio sources are the most dramatic example of the interaction of the ICM
with the radio galaxies. These are law-power radio sources (FRI type, Fanaroff &
Riley 1974) where the large-scale radio emission is bent towards the same direction,
giving rise to a structure similar to a tail (Miley et al. 1972). These so called head-tail
radio sources are classified as (i) narrow angle tail (NAT, Rudnick & Owen 1976)
radio galaxies, characterized by a U-shape, with the two tails forming a small an-
gle, and (ii) wide angle tail (WAT, Rudnick & Owen 1976) radio galaxies, showing
a V-shape with a larger angle between the tails. The standard interpretation for this
morphology is that the jets produced in the nucleus of the high-velocity galaxy mo-
ving through the dense ICM are curved by ram pressure.
Most tailed radio sources were detected in clusters of galaxies and they have been
the target of numerous investigations. Their size, from the nucleus till the end of the
tail, is on average about 200-300 kpc (Vallee & Roger 1987). This is comparable with
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the extent of the more common double radio sources, which have a straight mor-
phology, with the parent galaxy located at the centroid. However, a few examples
of tailed radio galaxies with uncommonly long tails are reported in the literature.
Among them, the most well known objects are IC 711 in Abell 1314 (650 kpc, Vallee
& Roger 1987; Vallee 1988) and NGC 1265 in the Perseus cluster (> 500 kpc, Sijbring
& de Bruyn 1998).
The long tails offer a unique opportunity to test ageing models for the radiating
electrons, allowing the determination of the radiative age of the radio source. At the
same time, they can be used to probe large-scale turbulence in the ICM due to the
expected distortion generated by any turbulent motions or winds in clusters.
1.6 The WSRT
The observations for this thesis project were carried out with theWesterbork Synthe-
sis Radio Telescope (WSRT). The WSRT has proved to be one of the best telescope
to study the extended diffuse features in clusters, because of its excellent dynamic
range (related to equatorial mount, E-W array configuration, excellent data reduction
software and superior back-end) and wide field full polarimetric imaging capabili-
ties.
TheWSRT is an aperture synthesis array that consists of 14 antennas arranged on
east-west baseline. The antennas are equatorially mounted 25-m dishes with a fixed
orientation of the receiving linear dipoles with respect to the sky. The geometry of
the array is displayed in Fig. 1.6. Ten of the telescopes (labeled 0 to 9) are on fixed
mountings, 144 meters apart; the four (2  2) remaining dishes (labeled A, B, C, and
D) are movable along two rail tracks: the former, 300 m long, is adjacent to the fixed
array and the latter, 180 m long, is located 9  144 m eastwards. The movable dishes
can observe at any position on the rail tracks (minimum distances 9–A = 36 m). In
the array, the baselines can extend from 36 m up to 2.7 km.
1.6.1 Configurations
The WSRT can observe in different configurations (Morganti 2004). The choice of a
particular configuration depends on the characteristics of the observations. For this
project, we performed observations with 6  12h, 4  12h, and 1  12h integration
sessions.
If a target needs to be observed for 6  12h, the best uv sampling is obtained by using
the so called “traditional” configurations, which are based on the principle that the
uv sampling is acquired with a uniform radial sampling increment. This is moti-
vated by the need to achieve high dynamic range imaging over a limited angular
field of view (FOV, i.e. the area free of self confusion due to gratings lobes) with
minimal deconvolution. The distance 9–A is typically 36, 48, 60, 72, 84, or 96 m,
while the two pairs of movable telescopes, A and B, as well as C and D, are at a fixed
separation of 72 m. The C/D pair lies at a distance from the fixed telescopes such
that the separation 9–C is (9  144 m) plus 36, 48, 60, 72, 84, or 96 m.
When a 4  12h is requested, the best uv coverage is realized by stepping the 4 mo-
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Figure 1.6: The layout of the 14 WSRT dishes. The possible configurations of the array are
realized by locating the movable telescopes (A–D) at specific locations relative to the fixed
array (0–9). The shortest baseline is 9–A = 36 m.
vable telescopes at 18 m increments, from 36 to 90 m.
For a single 12h session, the observations are usually performed with the so called
Maxi-Short configuration, which provides the best performance for the detection of
extended sources. In this case, the distance 9–A = 36 m, while A–B = 54 m and
C–D = 72 m.
1.6.2 Observing bands and datasets details
TheWSRT is equipped withMulti Frequency Front Ends (MFFE), which have cooled
receivers at 3.6, 6, 13, and 18+21 cm, and uncooled receivers at 49 and 85 cm, in
addition to the uncooled UHF high (700-1200 MHz) and UHF low (260-460 MHz)
systems. The WSRT was equipped in 2004 also with low-frequency front end (LFFE)
receivers for 115-175 MHz observations.
For our project, we performed continuum observations at central wavelengths of
18, 21, 25, 85, and 200 cm. In each case, the receivers are sensitive to a wide range of
frequencies. This range is covered by eight tunable slightly overlapping sub-bands
centered at particular frequencies. Each sub-band is divided into 64 channels in 4
cross-correlations to recover all the Stokes parameters. The maximum bandwidth
for each band is 20 MHz. For bandwidth less than this we can use the technique of
recirculation to increase the number of channels within a band from 64 to 128, 256,
or 512. The technical details of the observations carried out for this thesis project are
reported in Table 1.1.
The size of the final datasets obviously depends on the characteristics of the ob-
servations. For a single 12h run at 21 cm, with 64 spectral channels per band and 60 s
integration time, this is about 1.7 GB. For observations in the 115–175 MHz band, an
integration time of 10 s is important to limit the loss of data due to time variable RFI
and fast ionospheric phase fluctuations. In this case, the total volume of data for a
single 12h dataset (with 8  recirculation) is 80 GB.
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Table 1.1: Observations overview.
 Frequency range a b0 N
c
chns
(cm) (MHz) (MHz) (MHz)
1659, 1677, 1695,
18 1650–1795 20 1713, 1731, 1749, 64
1767, 1785
1320, 1339, 1359,
21 1310–1470 20 1379, 1401, 1419, 64
1437, 1459
1169, 1186, 1203,
25 1159–1298 20 1220, 1237, 1254 64
1271, 1288
315, 324, 332,
85 310–380 10 341, 350, 359, 128
367, 376
116, 121, 129,
200 115–175 2.5 139, 141, 146, 512d
156, 162
a Bandwidth.
b Central frequency of each sub-band.
c Number of channels.
d For the Coma observations we used 4  recirculation (i.e. 256 channels).
1.7 Low-frequency radio observations
1.7.1 The ionosphere
The ionosphere is a shell of electrons and electrically charged atoms and molecules
that surrounds the Earth, stretching from a height of about 50 km to more than
1000 km. It shows density fluctuations on a large range of lengths and scales, a phe-
nomenon called “non isoplanaticity”. Such fluctuations can seriously affect wide
field low-frequency observations (Cohen & Ro¨ttgering 2009). Different areas of the
sky will be seen through regions of the ionosphere with different properties. Con-
sequently, the final maps will show artifacts associated with the strongest off-axis
sources. These errors cannot be simultaneously solved by the available self cal algo-
rithms, which determine and apply one solution to the all synthesized field.
To improve the quality of the maps, one has to perform a direction-dependent self
calibration and remove each problematic off-axis source from the dataset, together
with its own set of corrections. This technique is called “peeling” and works using
the following recipe:
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 subtraction of all but the brightest source from UV data, using the best model
and calibration available;
 several rounds of phase only self calibration and imaging on the brightest
source;
 subtraction of the brightest source from the original UV data, using model and
calibration from the previous step.
The ionosphere affects also the polarization results because of the ionospheric
Faraday rotation. Being related to the ionospheric electronic content during the ob-
servation, this time-variable phenomenon rotates the polarized vector of the crossing
radio signal by several turns in the QU plane and by different amounts during the
day. The radio signal can be significantly depolarized by this effect especially at long
wavelengths, where the Faraday rotation is more effective. A reliable estimate of
the polarization of the target source can be obtained by modeling the ionospheric
contribution to the rotation measure of the target source.
1.7.2 Issues related to low-frequency observations
Low-frequency observations require particular care to be analyzed, due to the pre-
sence of several effects, which affect the total intensity and polarization results.
For polarization studies, they can be summarized as follows:
 beam depolarization: when the magnetic field is tangled on scales smaller than
the resolution of the observations, the original signal depolarizes inside the
observing beam. This effect plays an important role in the observations of ra-
dio halos and relics. Their low surface brightness requires low resolution ob-
servations and their steep spectra makes them more easily detectable at low
frequency, where the resolution is usually poorer;
 bandwidth depolarization: the signal depolarizes within a frequency band de-
pending on the RM of the emission;
 internal depolarization: when thermal and non-thermal plasma coexist within
the radio source, the final signal depolarizes because of differential Faraday
rotation along the line of sight;
 the Galactic foreground: at low frequencies ( 350 MHz), the Milky Way can
dominate the polarized emission in the observed fields at intermediate and
low Galactic latitudes, making it difficult to study the polarization of the back-
ground radio sources. Together with the ICM, the IGM (intergalactic medium),
and the ionosphere, it contributes to rotate the polarization angle of the signal
coming from the target source, making it difficult to derive the intrinsic value;
All the discussed phenomena have to be taken into account when interpreting the
polarimetric data. Each of them affects the observations with a different incidence,
depending on the characteristics of the observations, the physical properties of the
target, and its position in the sky.
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Figure 1.7: The structure of the NEPSC, hosting, among the other galaxy clusters, A2255
(Mullis et al. 2001).
In total intensity, one of the main issues is due to the presence of strong off-axis
sources within or outside the field of view. The low-frequency radio sky is very
bright and populated by strong radio sources, such as Cas A, Cyg A, Vir A, and
Tau A, whose flux densities vary in the range 1000-10000 Jy. Even far from the field
center, the (relatively) high distant sidelobe levels of the primary beam (“only” –30
to –40 dB) keeps these sources very bright, giving rise to significant side lobes in
the final images. Solar flares can also affect the data, causing interference on the
short baselines and/or grating rings in the imaged central field. Manual flagging
and additional care during the deconvolution and self calibration steps are required
in order to obtain good quality maps.
1.8 This thesis
This thesis is aimed at studying the total intensity and polarization properties of the
galaxy clusters Abell 2255 and Coma. Previous studies conducted by other authors
revealed important properties of the non-thermal components of the ICM of these
two clusters, which needed further investigations to be understood.
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1.8.1 A2255
A2255 is a nearby (z=0.0806, Struble & Rood 1999) rich cluster, which has been stu-
died at several wavelengths.
Optical studies of the cluster revealed that its brightest galaxies are arranged in a
chain (see Fig. 1.8), whose orientation coincides with the major axis along the east-
west direction. The cluster has an unusually high velocity dispersion of1200 km s 1,
with the systemic velocities of the two brightest galaxies separated by 2600 km s 1.
Deep multi-color photometry in a large field around the cluster revealed the pre-
sence of kinematical substructures in the form of several associated groups orbiting
at radii > (10   15)0 (Yuan et al. 2003). This result indicates a non-relaxed system.
At X-ray wavelengths, ROSAT observations indicate that A2255 does not host a cool-
ing core and has recently undergone a merger (Burns et al. 1995; Feretti et al. 1997a;
Davis et al. 2003). This is suggested by the morphology of the X-ray emission, which
is elongated along the east-west direction (Burns et al. 1995; Feretti et al. 1997a). Re-
cent XMM-Newton observations revealed temperature asymmetries of the ICM and
suggested that the merger happened 0.15 Gyr ago (Sakelliou & Ponman 2006). The
signs of the interaction between A2255 and other nearby cosmic structures is ex-
pected, since this cluster belongs to the North Ecliptic Pole supercluster, which hosts
at least other 21 galaxy clusters (see Fig. 1.7, Mullis et al. 2001).
At radio wavelengths, A2255 hosts a diffuse radio halo and a relic source, together
with a large number of embedded head-tail radio galaxies (see Fig. 1.9, Harris et al.
1980; Miller & Owen 2003). High resolution radio observations at 21 cm revealed
that the radio halo has a rectangular shape and a surface brightness increasing from
the center to the edge (Feretti et al. 1997a). At this location 3 highly polarized (20%–
40%) bright filaments perpendicular to each other are detected (Govoni et al. 2005)
(see Fig. 1.10). The distribution of their polarization angles indicates that the magne-
tic field is ordered on scales up to 400 kpc. This result appeared to represent the first
detection of a polarized halo in the literature.
To investigate the uncommon polarization of the radio halo and study its physical
properties, as well as those of the relics, we performed deep WSRT multi-frequency
observations of the cluster.
In chapters 2 and 3 we present the total intensity results. Thanks to the good
sensitivity of our data, we imaged and studied in detail the halo, the relic, and the
radio galaxies belonging to the clusters. The spectral index maps of halo and relic
are presented.
New extended features are detected around the halo. Two of them lie at large pro-
jected distance form the cluster center and are suggested to be related to LSS-shocks.
Another extended feature is detected nearby the radio halo. It has a very steep spec-
tral index (   2:6) and physical properties which make it quite unique in the
literature. We investigate its possible origin.
One cluster radio galaxy (the Beaver) doubles the length of the tail to almost 1 Mpc
between 25 cm and 85 cm. This suggests very steep spectral index values for the
ending part of the tail and allowed us to test the ageing models for the relativistic
electrons in the tail.
Chapter 4 focuses on the polarization results. By performing a deep multi-
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Figure 1.8: Optical DSS image of the central concentration of galaxies of A2255.
frequency RM tomography of the cluster using RM-synthesis (Brentjens & de Bruyn
2005), we investigate the polarimetric properties of the cluster radio galaxies and of
the filaments. The results suggest the 3-dimensional location of the radio filaments
within the cluster, providing important constrains on their nature.
The 85 cm RM-cube shows a considerable amount of polarized emission in the
field of A2255 which is associated with our Galaxy. We analyze and interpret its
properties in Chapter 5.
1.8.2 Coma
The Coma cluster (z=0.0232, Struble & Rood 1991) has been one of the most studied
galaxy clusters since the first determination of its mass by Zwicky (1933). Its high
richness (richness class 2) and smooth appearance (see Fig. 1.11) made it the proto-
type of well relaxed cluster. Further studies revealed that Coma is in a perturbed
dynamical state. This is shown by the X-ray images provided by ROSAT, where the
X-ray emission in the cluster core is elongated along the line joining the two central
dominant galaxies, NGC 4874 and NGC 4889. A second peak of emission is also de-
tected around the group of galaxies centered on the cD galaxy NGC 4839, 400 to the
SW of the cluster core (Briel et al. 1992; White et al. 1993).
Studies of the galaxy distribution around Coma showed that the cluster is nested
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Figure 1.9: Radio morphology at 1.4 GHz (VLA) of the extended radio galaxies belonging
to A2255 (Miller & Owen 2003). Their morphology led Harris et al. (1980) to assign them the
names Original Tailed Radio Galaxy (TRG), Sidekick, Double, Goldfish, Beaver, Embryo, and
Bean . The radio contours overlay on the optical DSS image. The resolution of the radio maps
is 500:9.
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Figure 1.10: Top panel: radio contours of A2255 overlaid on the ROSAT X-ray image (Govoni
et al. 2005). The resolution of the radio map is 1500  1500. The contours are at 0.05, 0.1, 0.2,
0.4, 0.8, 1.6, 3.2, 6.4, 12.8, 25.6, 51.2 mJy beam 1. Bottom panel: radio contours of A2255
overlaid on the polarization vectors. The length of the vectors is proportional to the fractional
polarization, while their orientation represent the electric field direction. The resolution is
2500  2500. The contours are at 0.07, 0.14, 0.28, 0.56, 4.48 mJy beam 1. In both images “R” is the
relic, “F1”, “F2”, and “F3” are the 3 bright polarized filaments at the borders of the halo and
“B” is the radio bridge connecting halo and relic.
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Figure 1.11: Optical DSS image of the Coma cluster.
in an even larger super-cluster of galaxies, whose plane appears to be defined by
the Coma cluster itself and Abell 1367, located about 40 Mpc farther west (Tifft &
Gregory 1976).
At radio wavelengths, Coma was extensively studied by many authors. The ex-
tended radio emission associated with Coma was first imaged by Large et al. (1959).
It covers a large area of the cluster, giving rise to the well known radio halo Coma C
and to the relic source B1253+275 (see Fig. 1.12). Both structures have been studied
at several radio frequencies during the past three decades (Valentijn 1978; Giovan-
nini et al. 1985; Schlickeiser et al. 1987; Kim et al. 1990; Giovannini et al. 1991, 1993;
Deiss et al. 1997; Thierbach et al. 2003), allowing a good determination of their radio
spectra.
Deep low frequency observations have shown that the halo and the relic are con-
nected by a bridge of diffuse radio emission (Kim et al. 1989; Giovannini et al. 1990),
in the direction of the galaxy cluster A1367. This is evidence for the existence of
magnetized intergalactic medium on an inter-cluster scale (Kim et al. 1989; Giovan-
nini et al. 1990). The presence of even large-scale diffuse emission around Coma
has been recently suggested by Kronberg et al. (2007), who detected patches of dis-
tributed radio “glow” beyond the scale of halo, relic, and bridge.
We performed WSRT observations of Coma at 2 m to study the physical proper-
ties of its known non-thermal components. This gave us the opportunity to image a





























Figure 1.12: WSRT image of the extended emission associated with the Coma cluster at 90 cm
(Giovannini et al. 1993). The resolution is 5500  12500. The grey-scale ranges between 2 and 30
mJy beam 1. The contours are at 3, 5, 10, 30, 50 mJy beam 1.
wide field of view, with good sensitivity to low-surface and steep-spectrum features.
The study of the polarization of these features is important to investigate their origin
and that of the cluster magnetic field, which is to date not completely understood. At
the same time, we investigated the presence of additional steep-spectrum features,
recently detected also in other active clusters at such a low frequency.
We present the results of the Coma observations in chapter 6. In the final map,
the halo, the relic, and the radio bridge are detected. By combining our results with
previous studies in the literature, we determine the integrated spectrum of Coma C
and B1253+275.
Thanks to the good sensitivity of our data, two new extended features are de-
tected around the halo. One of them shows the typical physical properties of relic
sources, while the other is reminiscent of the very steep-spectrum feature detected
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around the halo of A2255. No polarized emission is detected in the final RM-cube.
We investigate whether the depolarization of the relic between high and low fre-
quency is internal or due to a foreground screen.
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Detection of diffuse radio
emission at large distance
from the center of the galaxy
cluster A2255
— R. F. Pizzo, A. G. de Bruyn, L. Feretti & F. Govoni —
Abstract
Aims. Low-frequency radio observations of galaxy clusters are the key
to detecting the diffuse extended emission associated with them. The
presence and properties of such radio sources in galaxy clusters reveal
the existence of magnetic fields on a large scale and allow theories to be
tested concerning both the origin of relativistic particles in the ICM and
their propagation.
Methods. A deep radio observation of the A2255 galaxy cluster was car-
ried out at 85 cm with the WSRT. The good uv-coverage and sensitivity
achieved by these observations allowed us to image the complex struc-
ture of the low-brightness, extended cluster sources (radio halo and relic).
Conclusions. These sources show a larger extent than what has been ima-
ged so far at this frequency, with two new structures located SW and
NW of the cluster center and at projected distances of 2 Mpc from it. The
physical properties of the newly detected structures, together with the ac-
tive dynamical state of the cluster, support a connection with large-scale
structure (LSS) formation shocks.
2.1 Introduction
The gravitational hierarchical formation of large-scale structures in the universe
drives shocks in the intergalactic medium (IGM). These convert the kinetic energy
Originally published in Astronomy & Astrophysics, 2008, vol. 481, L91.
42
chapter 2: Detection of diffuse radio emission at large distance from the
center of the galaxy cluster A2255
associated with cosmic flows into thermal energy, with IGM temperatures reaching
values of 5–10 keV in massive clusters and < 1 keV in large-scale filaments (e.g.
Miniati 2002; Dave´ et al. 2001).
Shocks can re-accelerate old relativistic electron populations, released by the for-
mer AGN activity within a cluster, or they can also directly accelerate thermal elec-
trons of the IGM. The detection of radio emission from intergalactic shocks has im-
portant implications for our understanding of cosmology and astrophysics: it pro-
vides a test of structure formation models, can confirm the existence of the unde-
tected warm-hot intergalactic medium, and can trace its distribution (Keshet et al.
2004).
Cluster-wide relativistic electron populations are observed in  50 merging and
post-merging clusters (Feretti & Giovannini 2008) as diffuse steep-spectrum struc-
tures. They are grouped in three classes: radio halos, relics, and mini-halos (Fer-
etti & Giovannini 1996). Radio halos are unpolarized, extended (1 Mpc or more)
structures located at the cluster center. Relics also have an extended shape, but they
lie at the cluster periphery and show high polarization percentages ( 20   40%).
Mini-halos are detected around a powerful radio galaxy at the center of cooling core
clusters and have a typical size of  500 kpc.
These diffuse cluster structures provide important information on the history and
evolution of clusters, by improving our knowledge about the presence and impor-
tance of both large-scale magnetic fields and relativistic particles in the IGM. Fur-
thermore, since up to now they have only been found in clusters with signatures
of merging in the optical and X-ray domains, their detection could be considered to
indicate a perturbed dynamical state.
The low radio-surface brightness and steep spectrummake the detection of halos
and relics rather difficult. However, in the past few years several studies of radio ha-
los and their hosting clusters (e.g. Feretti 2003, 2005) have improved our knowledge
of these radio sources. On the other hand, the location of relics in the outermost
cluster regions makes their detection very problematic because, usually, only the
cluster central regions are imaged at radio wavelengths with high sensitivity. De-
tailed broad band radio studies of relics are still missing; similarly, the comparison
of radio with X-ray emission is not possible because of the lack of sensitivity of X-
ray satellites in the peripheral cluster regions. A review of the current knowledge
of relics is found in Giovannini & Feretti (2004). One of the main goals of detecting
“relic-like” structures in galaxy clusters is to constrain their origin.
The galaxy cluster A2255 is nearby (z=0.0806, Struble & Rood 1999) and rich.
ROSAT X-ray observations indicate that it has recently undergone a merger (Burns
1998; Feretti et al. 1997a; Davis et al. 2003). Recent XMM-Newton observations of
A2255 revealed temperature asymmetries of the ICM and reached the conclusion
that the merger happened  0:15 Gyr ago, probably in the E-W direction with a still
uncertain position angle (Sakelliou & Ponman 2006). Optical studies of A2255 reveal
kinematical substructures in the form of several associated groups (Yuan et al. 2003),
and the high ratio of velocity dispersion to X-ray temperature (6.3 KeV; Horner 2001)
also indicates a non-relaxed system. When studied at radio wavelengths, A2255
shows a diffuse radio halo (located at the center of the cluster) and a relic source (at
the cluster periphery), together with a large number of embedded head-tail radio-
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galaxies (Harris et al. 1980). This cluster is the first and only one in which polari-
zed radio emission from a radio halo has been detected.The halo shows filaments of
strong polarized emission ( 20   40%) with the magnetic fields fluctuating up to
scales of  400 kpc in size (Govoni et al. 2005).
We observed A2255 at several radio wavelengths to better understand the nature
of the polarized emission of the filaments in the halo (whether this is intrinsic or
due to a projection effect) and to search for low surface brightness features located
far from the cluster center. We did not observe strong polarization from the halo
filaments at 85 cm, but the analysis is complicated by the presence of very strong
Galactic polarization. These polarization results, as well as those at 18, 21, and 25 cm,
are discussed in Pizzo et al. (2009a, Chapter 4). In this Letter we present the recent
results of the total intensity imaging of A2255 at 85 cm.
Throughout this paperwe assume aCDMcosmologywithH0 = 71 km s
 1 Mpc 1,

m = 0:3, and 
 = 0:7. At the distance of A2255 ( 350 Mpc), 1
00 corresponds to
1.5 kpc and 1Æ = 5.4 Mpc.
2.2 Observations and data reduction
The observations were conducted with the Westerbork Synthesis Radio Telescope
(WSRT) at 85 cm. The array consists of fourteen 25 m dishes on an east-west baseline
and uses earth rotation to fully synthesize the UV-plane. Ten of the telescopes are on
fixed mountings, 144 m apart; the four (2 x 2) remaining dishes are movable along
two rail-tracks. In the array, the baselines can extend from 36 m to 2.7 km.
The 6x12h technique has been used for the observations. For full imaging over
the whole primary beam, six array configurations were used with the four movable
telescopes stepped at 12 m increments (i.e. half the dish diameter) and the shortest
spacing running from 36 to 96 m. This provides continuous UV-coverage with in-
terferometer baselines ranging from 36 to 2760 m. The pointing and phase center of
the telescope was directed towards (J2000.0): RA = 17 h13m00s, Dec = +64Æ 070 5900,
which is located in the center of A2255.
The feeds/receivers cover the frequency range of about 310–380 MHz. The band
can be completely covered by the new wide band correlator, which can indepen-
dently process 8 tunable bands of 10 MHz centered at 315, 324, 332, 341, 350, 359,
367, and 376 MHz. Each band is covered by 128 channels in 4 cross-correlations to
recover all Stokes parameters. For our observations, the size of the largest detectable
structure is 1Æ, the size of the primary beam is 2Æ, and the resolution is 10.
The data reduction was done with the WSRT-tailored NEWSTAR reduction pa-
ckage (Noordam 1994) following the standard procedure: Fourier-Transform, Clean,
and Restore. Self-calibration was applied to remove residual phase and gain varia-
tions. The data were flux-calibrated using 3C295, for which we adopted a flux at
325 MHz of 64.5 Jy. Automatic flagging was applied at the beginning to take care
of bad data, and further flagging was done subsequently in an iterative way on the
basis of the selfcal residuals. The total amount of flagged data was  25%.
The final noise level in the image ranges from about 0.05 mJy beam 1 to
0.15 mJy beam 1 and is limited by classical confusion noise.
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Figure 2.1: Contour map of A2255 at 85 cm. The resolution FWHM is 10. The noise level
at the edge of the field is  0:1 mJy beam 1. The contours are –0.3, 0.3, 0.6, 1.2, 2.4, 4.8, 9.6,
20, 40, 80, 160 mJy beam 1. The cross indicates the cluster center. Please note that some of
the emission surrounding the bright source 4C +64.21 (RA = 17 h19m58s, Dec = +64Æ 040 4500)
is probably due to dynamic range limitations.
Results 45
2.3 Results
The final 85 cm image of A2255 is shown in Fig. 2.1. It shows the well known ex-
tended halo (located at the cluster center), the relic (located 100 to the northeast from
it) and the radio galaxies, lying at a very large distance from the center of the cluster:
the Embryo (RA = 15h15m05s, Dec = +64Æ 030 4200) and the Beaver (RA = 17h13m19s,
Dec = +63Æ 480 1600) lie at  1:6 Mpc from the cluster center, while the
Bean (RA = 17h15m31s, Dec = +64Æ 390 2800) lies at more than 3.5 Mpc (quoted names
are taken from Harris et al. 1980).
The 85 cm image improves over previous WSRT imaging (Feretti et al. 1997a)
by a factor of 20 in sensitivity and reveals a morphology of the extended emission
of A2255, that is much larger than the one known so far. At higher sensitivity, the
central radio halo looks much more complex than in previous imaging, and it has a
more extended shape ( 500 kpc towards S and SW). Its southern region, where the
Beaver radio galaxy lies, is directly connected with the tail of the Beaver radio galaxy,
which has doubled in length to more than 1 Mpc in the 85 cm image, compared to
the 21 cmmap (Pizzo & de Bruyn 2008). Moreover, the already known northern relic
shows a low brightness extent opposite to the cluster center, which was not visible
at 21 cm.
To understand the low-level, very extended emission, we made a low-resolution
map (40), where the point sources were removed. This image reveals an extended
structure, which can be both positive and negative, on a scale of 0.5 to 1 degree, with
a TB  0:15 K. We suspect this stems from structure in the Galactic foreground. The
large-scale negative region that we note to the east of A2255 is present in all 8 bands,
so we suggest that is also related to the large-scale diffuse Galactic structure that is
not properly imaged by the WSRT, whose shortest spacing is 36 meters.
Two new extended emission regions have now been detected. The new relics
(we refer to them in this way) are one order of magnitude brighter than the “Galac-
tic” structures discussed above. They are located NW (labeled A) and SW (labeled
B) of the cluster center and lie at a projected distance of 2 Mpc from it. Previous
21 cm imaging of the cluster (Pizzo & de Bruyn 2008) revealed that these sources are
genuine features and not a collection of discrete sources.
Another extended emission region seems to be present at low level  500 kpc
westward of the new SW relic ( RA = 17h08m45s, Dec = +63Æ 430 4500). Moreover, a
significant extended feature is present also at the very eastern edge of the cluster. Its
shape might suggest a physical association (jet structure) with the radio source WN
B1717+6404 (RA = 17h17m28s, Dec = +64Æ 010 1700). Our new follow-up observations
at the frequency range of 115–175 MHz will tell us more about the nature of this ex-
tended feature.
The newly detected distant relics have different shapes. The SW relic appears
like a filament about 80 in length and 20 in width. It has the same orientation of the
known NE relic, but is located on the opposite side from the cluster center and at
double the distance from it. The NW relic has a more complex morphology. We can
distinguish 2 filaments (labels A1 and A2): A1 points towards the cluster center, and
has a length of about 80 and a width of about 10 ; A2 is  130 in length and  10 in
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width and is perpendicular to A1. The SW relic has a total flux density of  17 mJy,
the NW relic of  61 mJy.
We made low-resolution maps of the cluster at 320 and 380 MHz and produced
a spectral index map. The estimated values of the spectral index for the new relics
are between  2:5 <  <  0:5, with the steeper values in the regions closer to the
cluster center. The typical error 

 1. A wider spectral range is needed to better
determine the radio spectrum of these new features.
2.4 Discussion
Relics are found at the periphery of clusters both with and without a cooling core,
suggesting that they may be related to minor or off-axis mergers, as well as to major
mergers. The formation of relics is suggested to be related to shocks either by Fermi-
I diffuse acceleration of ICM electrons (Enlin et al. 1998; Roettiger et al. 1999; Hoeft
& Bru¨ggen 2007) or by adiabatic energization of the relativistic electrons confined
in fossil radio plasma (“ghosts”) released by a former active radio galaxy (Enlin &
Gopal-Krishna 2001). Shocks can be induced by the mergers of sub clusters (“merger
shocks”, Ricker & Sarazin 2001), or they can be due to the accretion flows of IGM
near the virial radius of the cluster (“accretion shocks” or “LSS shocks”, Miniati 2003;
Keshet et al. 2003).
Relic radio sources that can be associated with radio ghosts have been found in
several clusters and a spectral index is also available for a few of them. The radio
relic in Abell 85 (Slee et al. 2001) may be considered a prototype for this kind of
objects, due to its size, morphology, and strong polarization.
If relics are directly produced by shocks, they should be found farther from the
center of the clusters, where the X-ray surface brightness is very low. The ones asso-
ciated with merger shocks should come in pairs and be located on the opposite side
of the cluster center along the axis of the merger, with a ring-like structure elongated
perpendicular to this direction (Ricker & Sarazin 2001). This scenario is observed
at radio wavelengths in the galaxy clusters A3376 and A3667, where a pair of large,
optically unidentified, diffuse radio sources have been detected (Bagchi et al. 2006;
Ro¨ttgering et al. 1997). This could also be the case for the previously known NE
and the newly detected SW relics in A2255, located on opposite sides with respect
to the cluster center (although not symmetrically) and showing the same orienta-
tion, perpendicular to an NE-SW axis, that could describe the recently undergone
merger. The origin of the extended ring-like features of A3376 is probably due to
merger shocks that accelerate the thermal electrons of the hot ICM or old relativistic
particles to relativistic energies. On the other hand, in A2255 the new relics lie at the
virial radius of the cluster (Neumann 2005) and at a large projected distance from the
X-ray emission associated with the cluster. This makes them more likely associated
with shocks waves in the cosmic environment than with a hot ICM.
We note that the new relics of A2255 are reminiscent of the filamentary structures
of the halo detected by Govoni et al. (2005), which are elongated and organized in
a kind of “net” or “web”. This suggests that these structures could also be related
to LSS or merger shocks and would naturally explain the high percentage of linear
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polarization.
The spectra of known LSS-related relics are steep (   1:2), and they are found
to be linearly polarized at the level of 10%–30%. The previously known NE relic
shows such a polarization (Govoni et al. 2005), but we cannot confirm the presence
of polarized flux for the newly detected structures so far. Using RM synthesis (Brent-
jens & de Bruyn 2005), we have generated an RM-cube over a wide range of Faraday
depths. It shows that most of the polarized emission in the field of A2255 is due to
the Galactic foreground, since it extends well beyond the cluster “boundary”, and
it has no counterpart in total intensity; however, there are several features in the
RM-cube suggesting a link with continuum structures belonging to the cluster. Part
of the NW relic may have been detected at a Faraday depth of about –28 rad m 2,
far from the depth of the bulk of the Galactic polarized emission (Pizzo et al. 2009a,
Chapter 4).
The spectral indices of the new relics ( 2:5 <  <  0:5 with 

 1) seem to agree
with the typical value of LSS shocks, although we should not expect a spectrum
steeper than    1:5 for LSS-related structures, since electrons are constantly acce-
lerated at the shock front (priv. comm. withMatthias Hoeft). As the shock dissipates,
the relativistic particles age, explaining the higher values of  we detect. Moreover,
the trend shown by the spectral index, which is flatter at the periphery of the cluster
and steepens towards the cluster center, is what one also expects for shock-related
structures (see the relic sources in A3667, Roettiger et al. 1999). However, a wider
spectral range is needed to confirm this result.
The morphology of the new structures, together with their size (' 1 Mpc), lo-
cation (tangential with respect to the cluster center and at the virial radius of the
cluster), spectra, and (possible) polarization support an LSS shock origin.
2.5 Conclusions
We have presented the results of new 85 cmWSRT observations of the galaxy cluster
A2255.
 Our map reveals that the extended radio emission in A2255 is both much more
extended and complex than known before (Feretti et al. 1997a).
 Two new extended emission regions are detected at a projected distance of
2 Mpc from the cluster center.




 The morphology of the new structures, together with their size (' 1 Mpc),
location (tangential with respect to the cluster center and at the virial radius of
the cluster), spectra, and (possible) polarization support an LSS shock origin.
In the current models of large-scale structure formation, matter is distributed in
filaments and sheets that are all connected. Radio emission is expected to be present
in collapsing filaments, where the efficiency of electrons acceleration is higher than
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in cluster centers (Bagchi et al. 2002). We are now reaching the sensitivity needed
for detecting radio emission from regions in between galaxy clusters. This is sug-
gested by the discovery of elongated diffuse emission (0917+75) at  3:8 Mpc from
the nearest rich cluster (Dewdney et al. 1991; Harris et al. 1993; Giovannini & Feretti
2000), of a relic source in A2069 (Giovannini et al. 1999) at 4.6 Mpc from the cluster
center and of extended diffuse radio emission coincident with the filament of gala-
xies ZwCl2341.1+0000, 2.5 Mpc in size (Bagchi et al. 2002) . The steep spectrum of
the diffuse inter-galactic radio sources and, based on current theoretical results (e.g.
Miniati 2002), their connection with shocks in the IGM predict, at low radio frequen-
cies, a sizable population of as yet undetected extended emissions around galaxy
clusters. A recent ROSAT X-ray survey observation indicates that A2255 belongs
to the north ecliptic pole super cluster (Mullis et al. 2001). Therefore, it is possible
that there are signs of interaction between A2255 and several other galaxy clusters.
A panoramic study of A2255 out to many degrees ( 10 Mpc) is needed to search
for such interaction. The detection of new filaments and relics related to LSS shocks
will be enormously improved through observations with the next generation of low-
frequency radio telescopes like LOFAR, LWA, and SKA, for which we are preparing
ourselves.
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Radio spectral study of the
cluster of galaxies Abell 2255
— R. F. Pizzo & A. G. de Bruyn —
Abstract
Context. The study of the non-thermal components associated with the
intra cluster medium (ICM) in galaxy clusters is important in under-
standing the history and evolution of clusters.
Aims. Spectral index studies of halos, relics, and radio galaxies provide
useful information on their origin and connection with merger processes.
Moreover, they reveal the energy spectrum of the relativistic particles and
the magnetic field distribution in galaxy clusters.
Methods. We present WSRT multi-wavelength observations of the galaxy
cluster Abell 2255 at 25 cm, 85 cm, and 2 m. The spectral index ima-
ges allowed us to study the integrated spectrum of halo and relic and to
investigate the physical properties of the Beaver head-tail radio galaxy
belonging to the cluster.
Results. In the radio halo, the spectral index is steeper at the center and
flatter at the locations of the radio filaments, clearly detected at 25 cm.
In the relics, the spectral index flattens moving away from the cluster
center. For the Beaver radio galaxy, the spectrum severely steepens from
the head towards the end of the tail, because of the energy losses suffered
by the relativistic particles.
In the 2 m map, which is the first high-sensitivity image presented in the
literature at such a long wavelength, a new Mpc-size emission region is
detected between the known radio halo and the NW relic. Not detecting
this feature in the more sensitive 85 cm observations implies that it must
have a very steep spectrum (   2:6).
Conclusions. The observational properties of the radio halo suggest that
either we are looking at a superposition of different structures (filaments
Originally published in Astronomy & Astrophysics, 2009, vol. 507, pp.639-659.
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in the foreground plus real halo in the background) seen in projection
across the cluster center or that the halo is intrinsically peculiar. The
newly detected extended region to the NW of the halo could be consid-
ered as an asymmetric extension of the halo itself. However, since radio
halos are known in the literature as structures showing a regularmorpho-
logy, the new feature could represent the first example of steep Mpc-size
diffuse structures (MDS), detected around clusters at very low frequency
only.
The spectrum of the initial part of the tail of the Beaver, detected at the
three wavelengths, is well fitted by a single injection model.
3.1 Introduction
Galaxy clusters, which contain up to a few thousand galaxies and considerable
amounts of gas, are the most massive gravitationally bound objects in the universe.
Cosmological simulations (Navarro et al. 1995) show that they are not static, but
instead grow and still form at the present epoch, as the result of several merger
events (e.g. Evrard & Gioia 2002).
In an increasing number of massive, merging, and X-ray luminous galaxy clus-
ters, large diffuse radio sources associated with the ICM have been detected. They
represent the most spectacular aspect of cluster radio emission, and they cannot be
associated with any individual galaxy. These diffuse synchrotron radio sources are
characterized by a typical size of  1 Mpc, low surface brightness ( 1 Jy arcsec 2
at 20 cm), and steep radio spectrum (   1, S() / ). They are classified (Fer-
etti & Giovannini 1996) as radio halos, if located at the center of the cluster and not
significantly polarized, and radio relics, if lying at the cluster periphery and showing
high polarization percentages ( 20%–40%). The synchrotron nature of their radio
emission indicates cluster-wide magnetic fields of approximately 0.1–1 G, and of a
population of relativistic electrons with Lorentz factor  1000.
The knowledge of the physical conditions in halos and relics is important for a
comprehensive physical description of the ICM. Since they are related to other clus-
ter properties in the optical and X-ray domains, these extended features are directly
connected to the cluster history and evolution. Moreover, they provide a significant
test for several theories concerning the origin of relativistic particles in the ICM and
particle propagation in astrophysical plasmas.
The origin of halos and relics is still matter of debate. It is suggested that relics are
related to shocks either by Fermi-I diffuse acceleration of ICM electrons (Enlin et al.
1998; Roettiger et al. 1999; Hoeft & Bru¨ggen 2007) or by adiabatic energization of the
relativistic electrons confined in fossil radio plasma (“ghosts”), released by a former
active radio galaxy (Enlin & Gopal-Krishna 2001). In the case of radio halos, it is
required that the electrons are either re-accelerated (primary models: e.g. Tribble 1993;
Brunetti et al. 2001; Petrosian 2001; Brunetti et al. 2004; Fujita et al. 2003; Cassano &
Brunetti 2005) or continuously injected over the entire cluster volume by hadronic
collisions (secondary models: e.g. Dennison 1980; Blasi & Colafrancesco 1999; Dolag &
Enlin 2000).
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Spectral index studies of halos and relics provide important information on their
formation and their connection to cluster merger processes. Given their large an-
gular size and steep spectra, low-frequency radio observations are suitable for such
investigations. There are only a few clusters for which spectral index maps of ha-
los have been published: Coma (Giovannini et al. 1993), A2163 and A665 (Feretti
et al. 2004), A3562 (Giacintucci et al. 2005), A2744 and A2219 (Orru´ et al. 2007). In
agreement with primary models, in all these objects the spectral index maps show
a patchy structure with, in some cases, a steepening of the spectrum with increa-
sing distance from the center to the edge. The detailed spectral index distribution is
known for the relics of A3667 (Ro¨ttgering et al. 1997), the Coma cluster (Giovannini
et al. 1991), S753 (Subrahmanyan et al. 2003), A2744 and A2219 (Orru´ et al. 2007), and
A2345 and A1240 (Bonafede et al. 2009). Apart from one of the two relics of A2345,
in all the other examples the spectral index flattens going from the regions closer to
the cluster center to the outer rim. This is consistent with the presence of electron
re-acceleration in an expanding shock.
Other important members of clusters in the radio domain are the radio galaxies.
Their emission often extends well beyond the optical boundaries of the radio gala-
xies, out to hundreds of kilo-parsec, and hence it is expected that the ICM would
affect their structure. This interaction is proved by the existence of radio galaxies
showing distorted structures (tailed radio sources). Spectral studies of radio gala-
xies with different morphologies at different frequencies provide an excellent oppor-
tunity to test the ageing of the electrons, under some standard assumptions.
A2255 is a nearby (z=0.0806, Struble & Rood 1999) and rich cluster, which has
been studied in several bands. ROSAT X-ray observations indicate that A2255 has
recently undergone a merger (Burns et al. 1995; Feretti et al. 1997a; Davis et al. 2003).
Recent XMM-Newton observations revealed temperature asymmetries of the ICM
suggesting that the merger happened  0.15 Gyr ago, probably along the E-W direc-
tion (Sakelliou & Ponman 2006). Optical studies of A2255 revealed the presence of
kinematic substructures in the form of several associated groups (Yuan et al. 2003).
This result, together with the large ratio of velocity dispersion to X-ray temperature
(6.3 keV; Horner 2001) indicates a non-relaxed system.
When studied at radio wavelengths, A2255 shows the presence of a diffuse radio
halo (located at the center of the cluster) and of a relic (at the cluster periphery), to-
gether with a large number of embedded head-tail radio galaxies (Harris et al. 1980).
High resolution radio observations at 21 cm showed that the radio halo has a rectan-
gular shape and a surface brightness increasing from the center to the edge (Feretti
et al. 1997a). At this location 3 highly polarized ( 20%–40%) bright filaments per-
pendicular to each other are detected (Govoni et al. 2005) . Sensitive low-frequency
observations carried out with the Westerbork synthesis radio telescope (WSRT) at
85 cm proved the presence of a large number of low-surface brightness extended fea-
tures around the cluster, that are likely related to Large-Scale Structure (LSS) shocks
(Pizzo et al. 2008, Chapter 2). In this work we combine these data with observations
at 25 cm and at 2m in order to study the spectral index properties of the structures
belonging to A2255.
This paper is organized as follows. Sect. 3.2 describes the main steps of the data
reduction and discusses a few issues related to low-frequency radio observations.
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In Sect. 3.3, we present the final maps of A2255 at the three wavelengths and in
Sect. 3.4 we show the spectral index analysis for the halo and the relics. In Sect. 3.5,
we analyze the physical properties of the Beaver radio galaxy and we test the ageing
processes of the radiating electrons along the tail. We discuss the implications of our
results in Sect. 3.6 and summarize our work in Sect. 3.7.
Throughout this paper we assume a  cosmology with H0 = 71 km s
 1 Mpc 1,

m = 0:3, and
 = 0:7. All positions are given in J2000 coordinates. The resolutions
are expressed in RA x DEC. At the distance of A2255 ( 350 Mpc), 10 corresponds to
90 kpc.
3.2 Observations and data reduction
The observations were carried out with the WSRT in three broad frequency ranges
with central wavelengths of about 25 cm, 85 cm, and 2 m. The array consists of four-
teen 25 m dishes on an east-west baseline and uses earth rotation to fully synthesize
the uv-plane. Ten of the telescopes are on fixedmountings, 144 meters apart; the four
remaining dishes are movable along two rail tracks. The interferometer can observe
in different configurations that differ from each other in the distance between the last
fixed telescope and the first movable one (RT9–RTA). In the array, the baselines can
extend from 36 m to 2.7 km.
The pointing center of the telescope, as well as the phase center of the array,
was directed towards RA = 17h13m00s, Dec = +64Æ 070 5900, which is the center of
A2255. The time sampling is 30 s in the 25 cm and 85 cm datasets, and 10 s for the
2 m observations. This is generally sufficient to sample the phase fluctuations of
the ionosphere and to avoid the time-smearing of sources at the outer edge of the
field. During each observation, two pairs of calibrators, one polarized and one un-
polarized, have been observed for 30 minutes each. At the high declination of A2255
the array does not suffer from shadowing. Table 3.1 summarizes the observational
parameters.
The technical details about the datasets will be discussed in the next sub sec-
tions. Here we give a short overview about the main steps taken for the data reduc-
tion. The data were processedwith theWSRT-tailoredNEWSTAR reduction package
(Noordam 1994) following mostly standard procedures: automatic interference flag-
ging, self calibration, fast Fourier transform imaging, and CLEAN deconvolution
(Ho¨gbom 1974). Further flagging based on the residual data after self calibration and
model subtraction was done after each self calibration iteration. An on-line Ham-
ming taper was used to lower the distant spectral side lobe level (Harris 1978). This
makes two contiguous channels highly dependent and therefore the final analysis
was done using only the odd channels.
At 85 cm and 2m, the data were flux-calibrated using 3C295, for which we adopted a
flux of 63 Jy and 95 Jy at central frequencies of 346 MHz and 148 MHz , respectively.
At 25 cm the flux scales have been set using the flux calibrator CTD93, for which we
adopted a flux of 5.2 Jy at 1220 MHz. The flux scale at 2 m is still uncertain to a level
that we estimate of 5% and 1% at 25 cm and 85 cm. We computed the flux densities
of the calibrators across the entire bands assuming a spectral index of  =  0:5 and
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 =  0:6 for CTD93 and 3C295 respectively (see Table 3.2).
3.2.1 25 cm dataset
At 25 cm, we observed A2255 for 412h with 4 different configurations of theWSRT.
By stepping the 4movable telescopes at 18m increments, from 36 to 90m, we pushed
the grating lobe due to the regular 18 m baseline increment to a radius of  1Æ .
At this wavelength, the receiving band is divided into 8 contiguous slightly over-
lapping sub-bands of 20 MHz centered at 1169, 1186, 1203, 1220, 1237, 1254, 1271,
and 1288 MHz. Each sub-band is covered by 64 channels in 4 cross-correlations to
recover all Stokes parameters.
Because of limitations of the software in handling files larger than 2.15 GB, the
data reduction was done for each frequency band independently. Thus, the original
dataset has been split in 8 sub-datasets, each containing the 412h of data, but just in
one frequency band.
Because of strong RFI, 2 out of the original 8 frequency sub-bands have not been
used for imaging. Moreover, the presence of a strong off-axis source caused phase
errors affecting the central field of the final image. The peeling procedure that we
used to solve for those problems was successful only in the lower 3 frequency bands,
where the problematic source is brighter (see Sect. 3.2.2 ). Therefore, the total amount
of data that we could use for imagingwas 35%. At 25 cm, the resolution is 14001500.
3.2.2 Off-axis errors in 25 cm maps
High dynamic range imaging is seriously limited by the phase stability of the atmo-
sphere (troposphere and ionosphere), which causes the presence of spiky patterns
surrounding the brightest off-axis sources within the field of view of the interferom-
eter. This pattern is due to the instantaneous fan beam response of the WSRT, which
rotates clockwise from position angle +90Æ to +270Æ during the 12h synthesis time.
The selfcal algorithm tries to minimize the time variations between data and the
model of the sky, applying only one averaged time-dependent correction in the uv
plane. If in the field of view there are bright off-axis sources that seem to move du-
ring the observation, due to differential tropospheric refraction or rapid ionospheric
phase instabilities, the selfcal will not be able to correct simultaneously for the phase
errors associated with them. Thus, the final map will show artifacts around the
sources, as secondary lobes, or in the source itself, which will appear distorted. The
only way to remove the off-axis errors in the maps is to “peel” each problematic
source out of the dataset, using its own direction-dependent selfcal corrections. This
technique has been recently developed to solve for the ionospheric phase distur-
bances in low-frequency observations (e.g. Cotton et al. 2004; Intema et al. 2009), but
it can be also applied at higher frequencies, when phase errors due to the differential
tropospheric effects are also present in high dynamic range images.
The peeling scheme involves self calibration on individual bright sources. It pro-
duces phase corrections per array element for several viewing directions, repeatedly
using the following recipe:
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Table 3.2: The flux calibrators used during the data reduction.
Wavelength name Flux 
(Jy)
25 cm CTD93 5.2 –0.5
85 cm 3C295 63 –0.6
2 m 3C295 95 –0.6
 subtraction of all but the brightest source from the uv data, using the best
model and calibration available;
 several rounds of phase only self calibration and imaging on the brightest
source;
 subtraction of the brightest source from the original uv data, using model and
calibration from the previous step.
We applied this algorithm to the 25 cm dataset, which is the only one affected by off-
axis errors that affect the analysis at the center of the maps. Also our maps at 85 cm
and at 2 m showed off axis errors, but they were confined in areas far away from the
field center. Therefore no peeling procedure was needed at these wavelengths. At
25 cm the phase errors were associated with the off axis source 4C +64.21, located
at RA = 17 h19m59s, Dec = +64Æ 040 4000. In Fig. 3.1, we show the result of the pro-
cedure. Without peeling, 4C +64.21 shows a distorted shape, with a positive spike
going towards east and a long negative spike directed towards the opposite direc-
tion, where the center of the cluster is located. The source is also surrounded by
ring structures, which were left after the deconvolution. After peeling, the source is
basically removed. The flux below which the sources have been subtracted for this
procedure is  1 Jy.
The peeling procedure has been applied in each of the 6 frequency bands that we
could use at 25 cm (Sect. 3.2.1). Unfortunately, it turned out to be satisfactory just for
the three lower frequency bands, where the selfcal corrections for the steep spectrum
4C +64.21 can be better determined, given the higher signal to noise ratio of the data.
Thus, we decided to use only these 3 frequency bands to make the final image for
the further analysis.
3.2.3 85 cm dataset
To fully image the primary beam, six array configurations were used for the obser-
vations, with the four movable telescopes stepped at 12 m increments (i.e. half the
dish diameter) and the shortest spacing running from 36 to 96 m. This provided
continuous uv-coverage with interferometer baselines ranging from 36 to 2760 m.
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The receiving band was covered by 8 sub-bands of 10 MHz centered at 315, 324,
332, 341, 350, 359, 367, and 376 MHz. Each sub-band is covered by 128 channels in 4
cross-correlations to recover all Stokes parameters. The 85 cm dataset was split in 16
sub-datasets, each containing 6  12h of observation, but in one frequency half-band
only.
The imaging was done using 5 out of the 6 nights of observation, because of the
poor phase stability of the ionosphere during the third night (RT9–RTA = 60 m). The
total amount of flagged data was  25%. At 85 cm wavelength, the resolution is
5400  6400.
3.2.4 2 m dataset (LFFE-band observations)
At 2 m, A2255 was observed for 6  12h to fully image the primary beam. The LFFE
(Low-Frequency Front End) at the WSRT is covered by 8 frequency sub-bands of
2.5 MHz centered at 116, 121, 129, 139, 141, 146, 156, and 162 MHz. Each sub-band is
divided in 512 channels.
Given the large size of the final dataset ( 250 GB) and the limitations in the
maximum size of a NEWSTAR dataset, the observations have been split in 240 sub-
datasets, each containing data for a single night of observation and with a limited
number of channels. Therefore, for a single spacing and for each sub-band, we
workedwith 5 datasets. To produce the final map, we processed the 240 sub-datasets
separately, self calibrating themwith differentmodels and doing the imaging and the
deconvolution steps 240 times. We did not obtain a good image through the normal
selfcal procedure. The best image has been obtained using a simplified self calibra-
tion where we only solved for the phase slope across the array. In this case, only the
phases were self calibrated. At the end, the images were combined, weighting them
for the input number of visibilities.
Due to serious problems with the correlators of the WSRT during the night be-
tween the 17th July and the 18th July 2007 (RT9–RTA = 60m), the final data reduction
was done using 5  12h of observation. Moreover, given serious ionospheric insta-
bilities during the last night of observations (RT9–RTA = 96 m), we decided to not
include this 12h session in imaging. The total amount of flagged data was  35%. At
2 m, the resolution is 16300  18100.
3.2.5 A few issues related to low-frequency observations
The low-frequency radio sky is very bright and populated by strong radio sources,
such as Cas A, Cyg A, Vir A, and Tau A, whose flux densities vary in the range
1000-10000 Jy. Even far from the field center, the (relatively) high distant sidelobe
levels of the primary beam (“only” –30 to –40 dB) keeps these sources very bright,
giving rise to significant side lobes in the final images. Solar flares can also affect the
data, causing interference on the short baselines and/or grating rings in the imaged
central field.
During the editing and imaging processes at low frequency, we had to take care
of Cas A, Cyg A, and the Sun. Cas A lies at a projected distance of  40Æ from the
cluster, Cyg A at  30Æ, and the Sun at  85Æ. At 85 cm and at 2 m, we used models
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Figure 3.1: Grey scale images of 4C +64.21 at 25 cm before (top panel) and after (bottom
panel) applying the peeling procedure. The resolution is 1400  1500. Top panel: the source
shows phase-related errors, like ring structures and a negative and a positive spike along the
east-west direction. Bottom panel: just a small residual is left at the source location.
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of Cas A and Cyg A and we subtracted them from the data during the imaging. To
remove the interferences generated by the Sun in the 85 cm dataset, we flagged the
short baselines in the hour angles in which the Sun was above the horizon (+30Æ 
HA  +90Æ). At 2 m, the Sun was high in the sky for most part of the observation.
In this case, we produced different cleaning models of this source for the different
nights and we subtracted them during the final imaging.
3.2.6 Flux scale at 2 m wavelength
The flux scale at low frequencies is not very accurately determined. Until a more
definitive flux scale is in place (this is being developed for LOFAR) we use the ra-
dio source 3C295 as the primary WSRT flux calibrator at low frequencies. We have
adopted a flux density at 150 MHz of 95 Jy for 3C295 and a power-law spectral index
of –0.6 in the frequency range 115–175 MHz. We believe this number to be accurate
to about 5%.
A major component of the system noise (receiver + sky) at low frequencies is
due to our Galaxy. The System Equivalent Flux Density (SEFD) of the telescopes
at 150 MHz is about 8000 Jy in the Galactic areas where 3C295 happens to be lo-
cated, but it rises to well over 10000 Jy in the Galactic plane. Because the WSRT
receivers operate with an automatic gain control (AGC) system before the analog-
to-digital converter, it continuously measures the total power to allow corrections
for the variable input levels. Unfortunately, most of the time the total powers detec-
tors (which integrate the power over the whole 2.5 MHz sub-band) are corrupted by
RFI so we cannot automatically correct the correlation coefficients for the variations
in system noise. The LFFE band is full of mostly impulsive and narrow band RFI
coming from airplanes, satellites, and mobile users as well as electronic hardware
within the building which is located halfway the array. At the high spectral resolu-
tion (10 kHz) provided by the backend most of these RFI can be excised. However,
the total power data must bemanually inspected for suitable stretches of power level
measurements. These data form the basis for a manual correction of the flux scale.
For A2255 the total power ratio between the cluster region and the 3C295 field
is 1.15  0.05 at 141 MHz. Following the transfer of the complex gain correction
determined for 3C295, we have therefore applied an additional correction of a factor
1.15 to the visibility data.
3.2.7 Errors and noise in the final images
Knowing the value of the error in an image is essential in determining the reliability
of the image and of the derived parameters. The observed errors (obs) in a map
mainly consist of:
 the thermal noise (th), which is due to the stochastic errors, coming from the
Galaxy, receivers, and other electronics used in the array;
 the confusion noise (con f ), which actually consists of three contributions:
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1. the “normal” sidelobe noise, which arises from the sum of all the sidelobes
responses to the very large number of sources visible within the field of
view. This noise can be minimized by deconvolution;
2. the “classical” source confusion, which is associated with the number of
sources within the same beam;
3. the “error” sidelobe noise, which results from calibration errors and non-
isoplanaticity.
It is important to appreciate the difference between thermal and confusion noise.
While the former is different every time we observe a source, the latter is always the
same for a given PSF, i.e. it repeats itself every time we observe the same field.
In Table 3.3, we list the estimated th and con f for the three observing wave-
lengths. Reliable estimates of the thermal noise have been obtained from polariza-
tion images (Q,U,V) and narrow spectral bands. The confusion limit for WSRT at
21 cm was determined by Garrett et al. (2000) to be  5 Jy. Because the PSF of
the WSRT depends on the declination, this value refers to Dec = +6Æ. At a different












is the confusion limit at 1 = 21 cm and the exponent (–2.75) takes into
account the spectral index dependence (–0.75) and the different synthesized beam
(–2).
Assuming that th and con f are uncorrelated, the observed noise in the final map as










In Fig. 3.2, we plot the observed noise levels, uncorrected for the primary beam, as
a function of the distance from the field center for the final 2 m, 85 cm, and 25 cm
full resolution maps. Because the classical confusion noise will be attenuated by
the primary beam, the observed noise decreases from the center to the edges of the
field, where it approaches the thermal noise level. This trend, more clear in the low-
frequency maps, is a problem when trying to assess the significance of the central
extended features in the contour maps. In principle, we should consider as detection
limit the noise observed at the center of the field and plot the contours starting from,
for example, 3 times this value. However, it is worth noting that in this area we are
confusion limited (this is a situation similar to that found in deep optical images of
galaxies, where the central fluctuations are often dominated by the large number of
stars within a resolution element). Therefore, in order to show the significance of
the features in our final contour maps, we start plotting the contours from 3 times
the noise observed at the edge of the fully imaged field. To assess the significance
of the detected structures with respect to the background fluctuations, we advice the
reader to compare the contour maps at 25 cm, 85 cm, and 2 m with their grey scale
version in Figs. 3.3-3.5.
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Figure 3.2: Observed noise level uncorrected for the primary beam as a function of distance
from the field center for the 2 m (left panel), 85 cm (middle panel), and 25 cm (right panel)
maps. The dashed line represents the estimated thermal noise level, again uncorrected for the
primary beam.
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Table 3.3: Parameters of the observations and of the final full resolution maps.










cm 00 0 mJy beam 1 mJy beam 1 mJy beam 1
200 163  181 191 5% 0.85 3 3.1
85 54  64 81 1% 0.05 0.25 0.25
25 14  15 24 1% 0.010 0.008 0.012
a Flux scale uncertainty.
b Thermal noise, constant over the maps.
c Confusion noise.
d Observed noise at the pointing position.
3.2.8 Flux measurement uncertainties
Because of the errors present in the final images, the flux and spectral index estimates
are affected by uncertainties. The error associated with the flux depends on:
 the observed noise in the final maps (obs);
 the error due to the negative bowl, which arises around the extended structures
because of the missing short spacings (bowl). This severely affects the non full
resolution maps only (see Sect 3.2.9). In our case, its value was estimated by
determining the mean value of the negative bowl around the central maximum
in the antenna pattern;
 the uncertainty related with the flux of the calibrator (c). This is a scale error
which applies to the whole map.
Under the assumption that these three uncertainties are uncorrelated, the final error





























where F1  F1 and F2  F2 are the flux densities and the corresponding errors at
frequency 1 and 2, respectively.
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3.2.9 Making maps at 25 cm, 85 cm, and 2 m for a spectral
index analysis
To make the final spectral index maps, we tapered the data to the same low resolu-
tion of the 2 m dataset (1630018100), and we cut the uv data with the same minimum
uv coverage (144 ), which is determined by the 25 cm data.
The missing short spacings in the low resolution 2 m and 85 cm maps created a
negative bowl around the central radio halo. To remove as much as possible of the
negative bowl, we cleaned very deep the halo emission. At 2 m, the final map was
obtained including in imaging only the three frequency bands least affected by RFI.
Finally, the maps have been corrected for the total power primary beam of theWSRT,
which can be approximated by
G(; r) = cos6(cr) ; (3.4)
where c is a constant  0:064,  is the observing frequency in MHz, and r is the
distance from the pointing center in degrees.
3.3 Results
A grey scale version of the final full resolution maps at 25 cm, 85 cm, and 2 m is
shown in Figs 3.3-3.5. In the following subsections, we describe the features detected
at each wavelength.
3.3.1 25 cm map
The 25 cm map is presented in Fig. 3.6. The image, which has a noise level of 11 Jy
at the edge of the field, shows the well known extended halo, located at the cluster
center, the relic, that lies 100 to the northeast from it, and 3 extended radio galaxies at
a very large distance from the center of the cluster: the Embryo and the Beaver lie at
 1.6 Mpc from the cluster center, while the Bean lies at more than 3.5 Mpc (quoted
names are taken fromHarris et al. 1980). Since more relic features are detected at low
frequency around A2255 (Sect. 3.3.2), from now on we will refer to the relic as NE
(north-east) relic. Zooming into the central region of A2255, we notice the presence
of 4 additional extended cluster radio galaxies: the Goldfish, the Double, the original
TRG, and the Sidekick. The positions of all 7 radio galaxies are listed in Table 3.4.
Each of them has an optical counterpart that belongs to the cluster (Miller & Owen
2003).
The halo has a rectangular shape and shows a filamentary structure, which is in
agreement with previous 21 cm VLA observations (Govoni et al. 2005). Given the
high sensitivity of our new observations, the halo and the NE relic look more ex-
tended and directly connected by a radio bridge, which extends towards the north-
east and seems associatedwith two features; the former is located at RA = 17h13m13s,
Dec = +64Æ 1205400 and belongs to the NE relic, the latter lies at RA = 17h14m18s,
Dec = +64Æ 1601000. They are labeled respectively C1 and C2 in Fig. 3.6. The physical
parameters of the halo and NE relic are reported in Table 3.5.
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Figure 3.3: Grey scale image of A2255 at 25 cm. The resolution is 1400  1500. The map is not
corrected for the primary beam.
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Figure 3.4: Grey scale image of A2255 at 85 cm. The resolution is 5400  6400. The map is not
corrected for the primary beam.
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Figure 3.5: Grey scale image of A2255 at 2 m. The resolution is 16300  18100. The map is not
corrected for the primary beam.













Figure 3.6: Top panel: big field grey scale image of A2255 at 25 cm. The radio galaxies Bean,
Embryo, and Beaver are visible, at large distance from the cluster center. The resolution is
1400  1500. The noise level at the edge of the fully imaged field is 11 Jy beam 1 (see Fig. 3.2).
Bottom left panel: contour map of the central cluster region. We can distinguish halo, NE relic,
bridge connection between them, and the radio galaxies Goldfish, Double, The original TRG,
and Sidekick. C1 and C2 seem to be an extension of the radio bridge (see text). The contours
are –0.03, 0.03, 0.06, 0.12, 0.24, 0.48, 0.96, 2, 4, 8, 16, 32 mJy beam 1. Bottom right panel: zoom
into the region of the cluster where the new NW relic has been detected at 85 cm (Sect. 3.3.2).
At 25 cm, the only filament pointing towards the cluster center (NW1) is detected, but at very
low level (1). Here the contours are –0.01 (grey), 0.01, 0.02, 0.04, 0.06, 0.08, 0.16, 0.32, 0.64, 1.2,
2.4 mJy beam 1. The maps are not corrected for the primary beam.
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Table 3.4: Positions of the extended radio galaxies of A2255.
Name RA (J2000) DEC (J2000)
Bean 17 h15m31s +64Æ 3902800
Beaver 17h13m19s +63Æ480 1600
Double 17 h13m28s +64Æ 0205000
Embryo 17 h15m05s +64Æ0304200
Goldfish 17 h13m04s +64Æ 0605600
TRG 17 h12m23s +64Æ 0104600
Sidekick 17 h12m16s +64Æ 0201400
We detect a very low surface brightness feature at location RA = 17h12m12s,
Dec = +64Æ 3000800, that is associated with one of the two filaments of the NW relic
detected at 85 cm (Sect.3.3.2). Since it lies in a pretty empty region of the radio sky, a
possible association of this feature with a collection of point sources or with a central
radio galaxy seems unlikely.
3.3.2 85 cm map
The 85 cm map of A2255 is presented in Fig. 3.8. With noise levels ranging be-
tween 0.08 mJy beam 1 to 0.25 mJy beam 1, limited by classical confusion noise (see
Sect. 3.2.7 and Table 3.3), it improves over previous imaging at close wavelength
(Feretti et al. 1997a) by a factor of 20. The overlay of the radio map with the red band
Digitized Sky Survey (DSS) optical image is presented in Fig. 3.7. This image clearly
shows the extension of the radio emission compared to the optical galaxies.
The halo, theNE relic, and the radio galaxies belonging to the cluster are detected.
The central radio halo looksmuchmore complex than in previous images at the same
frequency (Feretti et al. 1997a) and it is more extended than at 25 cm, in particular
towards the S and SW. We notice that the southern region of the halo is directly
connected, in projection, to the tail of the Beaver radio galaxy, which has doubled its
length to almost 1 Mpc between 25 cm and 85 cm. Feature C2 in the 25 cm map (see
Fig. 3.6) is now more prominent and it looks directly associated to the NE relic. The
physical parameters of the halo and NE relic at 85 cm are listed in Table 3.5.
The high sensitivity of our observations allow us to detect two new extended fea-
tures at a projected distance of 2 Mpc from the cluster center. The new “relics” are
located NW and SW of the center of the cluster and previous 21 cm images of A2255
revealed that they are genuine features and not a collection of discrete sources (Pizzo
& de Bruyn 2008). From now on, we will call them the NW (north-west) and SW
(south-west) relic, respectively. They have different shapes. The SW relic appears
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Figure 3.7: Composite images of A2255 obtained from superposing the radio and the optical
images. The WSRT 85 cm radio map (in grey) for the total field (central panel), NW relic
(bottom left panel), and SW relic (bottom right panel) are shown overlaid on the red band
Digitized Sky Survey image (black and white). The radio image has a resolution of 5400  6400
and it is not corrected for the primary beam.
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like a filament of about 80 in length and 20 in width. It has the same orientation as
the known NE relic, but is located on the opposite side from the cluster center and
at a double distance from it. The NW relic has a more complex morphology. We can
distinguish 2 filaments, labeled NW1 and NW2 in Fig. 3.8. NW1 points towards the
cluster center and has a size of  80  10 , while NW2 is  130  10 and is perpendi-
cular to NW1. The SW and NW relics have integrated flux densities of  17 mJy and
 61 mJy, respectively. The physical properties of the newly detected structures and
their origin have been investigated by Pizzo et al. (2008), who suggested a connec-
tion with LSS shocks.
Other extended diffuse low surface brightness features are detected to the
east (RA = 17h16m57s, Dec = +64Æ 1804500) and to the west (RA = 17h07m08s,
Dec = +63Æ 5903600) of the cluster center. Their nature is still unclear. Moreover, the
map shows positive and negative fluctuations on a scale of 0.5 to 1 degree, which are
likely due to our Galaxy (Pizzo et al. 2008).
3.3.3 2 m map
The 2 m map is shown in Fig. 3.9. The noise ranges between 2 mJy and 3 mJy and is
limited by classical confusion noise in the inner part of the map (see Sect. 3.2.7 and
Table 3.3).
Around the central radio halo, the known radio galaxies belonging to the clus-
ter are still detected. The diffuse emission associated with A2255 seems to be rather
complex. The radio halo is extended towards NW and is connected to the NW relic.
The largest detectable structure in our 85 cm observations is  1Æ , which means that
non detecting this extended feature at 85 cm cannot be due to uv plane coverage
issues. Instead, it supports the more likely hypothesis that the new emission region
is a steep spectrum feature, whose nature is different from that of the NW relic. We
note that point sources might make an important contribution to the new extended
emission feature. To test its nature, we removed the contribution of point sources
detected at 25 cm in this area, assuming a nominal spectral index of  =  0:7. The
total flux subtracted in the region is 635 mJy. The result, shown in Fig. 3.10, confirms
the genuine diffuse nature of the feature. The source at location RA = 17h10m37s,
Dec = +64Æ3002400 is due to a blend of 2 point sources, as can be seen at higher fre-
quency (Fig. 3.8). Given their steep spectrum (   1), they are still visible after the
subtraction. We computed the upper limit for the spectral index of the new feature
using maps at 2 m and at 85 cm restored with the same resolution (16300  18100),
covering the same uv range and in which we subtracted the point sources detected
at 25 cm. In the 2 m map, the feature has a peak brightness of 28 mJy beam 1, while
in the 85 cm map we can only give an upper limit, considering 3 times the noise of
this map (obs = 1 mJy beam
 1), i.e. 3 mJy beam 1. As a result, we obtain that the
newly detected feature should have a spectrum steeper than –2.6.
Because of the low resolution of the image, the NE relic seems to be embedded
in the halo emission. The feature associated with it, already detected at 85 cm and
tentatively at 25 cm (C2 in Fig. 3.6, bottom left panel), is nowmore prominent. How-
ever, we notice that, in this case, part of it could be due to the radio source located at
RA = 17h14m04s, Dec = +64Æ1601000, clearly detected at both 25 cm and 85 cm.









Figure 3.8: Contour map of A2255 at 85 cm. The resolution is 5400  6400. The noise level at
the edge of the fully imaged field is  0:1 mJy beam 1 (see Fig. 3.2). The contours are –0.3
(grey), 0.3, 0.6, 1.2, 2.4, 4.8, 9.6, 20, 40, 80, 160 mJy beam 1. The dotted ellipses indicate the
structures already known through previous studies, as the halo and the NE relic, while the
solid ellipses refer to the newly detected relics. We refer to the text for a discussion about the








Figure 3.9: Contour map of A2255 at 2 m. The resolution is 1630018100. The noise level at the
edge of the fully imaged field is  2mJy beam 1 (see Fig. 3.2). The contours are –0.007 (grey),
0.007, 0.014, 0.028, 0.056, 0.1, 0.2, 0.4, 0.8, 1.6, 3.2 Jy beam 1. The radio halo is more extended
towards NW than at 85 cm and is directly connected to the NW relic. The dotted lines indicate
the structures already known through previous studies, as the halo and the NE relic, while the
solid line refers to the newly detected relic. The map is not corrected for the primary beam.
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500 kpc
Figure 3.10: Map at 2 m of the new extended emission region to the NW of the halo of A2255,
after the subtraction of the model of point sources detected at 25 cm (see text). The result
suggests that the new feature is genuine and not due to a collection of point sources. The
resolution of the map is 16300  18100. The contours are –0.007 (grey), 0.007, 0.014 0.028 0.056,
0.1, 0.2, 0.4, 0.8 1.6 3.2 Jy beam 1. The map is not corrected for the primary beam. The circle
represents the area within which the point sources have been subtracted.
The physical parameters of halo and NE relic at 2 m are listed in Table 3.5. We note
that it is difficult to determine the real size and the borders of the halo and the NE
relic, therefore the integrated flux densities reported in the table also reflect this un-
certainty. The angular sizes of the two structures are assumed to be the same as at
85 cm.
The NW relic is visible at 2 m, while the SW one, which has a surface brightness
lower than the NW relic at 85 cm, is not detected (SSWrelic < 6 mJy). This is mainly
due to the confusion limit in the central area of the map.
Other extended features are detected to the E, NW, and SW of the clus-
ter center and at very large projected distance from it. The first one is lo-
cated at RA = 17h17m25s, Dec = +64Æ 0501500, the second one at RA = 17h09m29s,
Dec = +64Æ 3604400, and the third one at RA = 17h06m10s, Dec = +63Æ 1804200. Com-
paring the 2 m map with the full resolution 85 cm and 25 cm images, it is evident
that in this case we are dealing with unresolved point sources.
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Table 3.5: Parameters of the halo and the relics derived from the full resolution maps.
Source Wavelength Angular size Flux
(0) (mJy)
25 cm 7  4 44  1 a
halo 85 cm 17  15 496  7 a
2 m (17  15)b 805  40 a
25 cm 11  3 30  1
NE relic 85 cm 15  4 117  2
2 m (15  4)b 287  17
NW relic 85 cm 21  1 61  1
SW relic 85 cm 13  1 17  1
a The fluxes have been determined avoiding the radio galaxies.
b Assumed to be the same as at 85 cm. The low resolution of
the 2 m map prevented a more precise determination of this
parameter.
3.4 Spectral index analysis of A2255
After obtaining the final maps with the same resolution, uv min, and gridding, we
computed the spectral index images using the NRAO Astronomical Image Proces-
sing System (AIPS) package.
3.4.1 Spectral index analysis between 25 cm and 85 cm
The spectral index image of A2255 between 25 cm and 85 cm is shown in Fig. 3.11.
We did not subtract the extended discrete radio sources, to avoid errors which might
be introduced by the residuals of the subtraction. Therefore, we notice that the steep
 values in the central area of the halo are probably associated with the tail of the
“Original tailed radio galaxy (TRG)”. Moreover, the flat spectrum of the eastern re-
gions of the halo, are heavily influenced by the presence of the nuclei of the Double
and the Goldfish radio galaxies. For this reason, the only  values in the N and
NW area of the halo can be considered as representative of the halo itself. Here,
the spectrum shows a radial flattening from the center (    1:6  0:05) to the
periphery (   0:7  0:07), where the three bright radio filaments are detected at
high-frequency (see Fig. 3.6). At this location, fresh (re-)acceleration of relativistic
particles is expected to take place.
The NE relic shows  values which range from  1:46  0:08 to  0:4  0:09. There
is a gradient of the spectral index along the main axis:  flattens from south-east
towards north-west (see bottom panel of Fig. 3.13). Moreover,  shows a trend also
along the minor axis, being steeper in the regions close to the cluster center and
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Figure 3.11: Spectral index map of A2255 between 25 cm and 85 cm, with a resolution of
16300  18100. Pixels whose brightness was below 3 at 25 cm or 85 cm have been blanked. The
cut is driven by the 85 cm image in most of the points. Contour levels are those of the radio
map at 85 cm at low resolution: 0.0015 (3), 0.003, 0.006, 0.012, 0.024, 0.048, 0.096, 0.18, 0.36,
0.72, 1.4 Jy beam 1.
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Figure 3.12: Spectral index map of A2255 between 85 cm and 2 m, with a resolution of 16300 
18100. Pixels whose brightness was below 3 at 85 cm or 2 m have been blanked. The cut is
driven by the 2 m image in most of the points. Contour levels are those of the radio map at
2 m: 0.015 (3), 0.030, 0.06, 0.12, 0.24, 0.48, 0.96, 1.8, 3.6 Jy beam 1.
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flattening towards the periphery (see top panel of Fig. 3.13)
As discussed in Sect. 3.3.1, the brighter filament of the NW relic is detected at
25 cm as a very low brightness feature (1/beam). Because of the 3 criterium we
used to produce the spectral index map between 25 cm and 85 cm, this feature is not
visible in the low resolution map.
3.4.2 Spectral index analysis between 85 cm and 2 m
Fig. 3.12 shows the spectral index image of A2255, calculated between 2m and 85 cm.
The spectral index image has been obtained clipping the pixels where the brightness
was below 3 level at both wavelengths.
The spectral index within the halo shows a more patchy structure than between
25 cm and 85 cm. The  values are flatter in the regions corresponding to the nuclei
of the central radio galaxies ( =  0:90:01) and steeper in between ( =  1:60:01).
In the NW regions of the halo, where there is no contamination from radio galaxies,
 shows a discontinuous behavior, ranging between  2:80:1 and  1:60:07. As for
the spectral index image between 25 cm and 85 cm, the flatter values are confined to a
semi circular area that approximately describes the location of the 3 bright filaments
at high-frequency.
The NE relic shows  values in the range of  0:9  0:1 to  1:2  0:1, with the
steeper values confined in its NW areas. We notice, however, that because of the
criteria used to make the spectral index map, combined with the high noise level
in the central part of the 2 m map, the spectral index could be determined for the
central area of the NE relic only. Moreover, given the high rms values associated
with the spectral index in its SE region, no clear radial trend neither along the main
axis nor perpendicular to it can be determined.
The NW relic, detected at 2 m in the high sensitivity map, is no longer entirely
visible and only a small part of the filament pointing towards the cluster center is still
detected. Its spectral index ranges between –1.2 0.2 and –0.5 0.1, and steepens to-
wards the cluster center. Moreover, there is a feature at location RA = 17h11m00s,
Dec = +64Æ 2404900, which is likely associated with the second filament perpendi-
cular to the previous one. Here,  steepens towards the cluster center and ranges
between  1:8  0:2 and  0:6  0:3.
We determined the integrated synchrotron spectrum of the region of the radio
halo without the contamination of radio galaxies and of the NE relic in the wave-
length range 2 m–25 cm (Fig. 3.14). The fluxes of the analyzed features are reported
in Table 3.6. The spectrum of the radio halo has a constant slope between the 3
wavelengths (2m
85cm
=  1:30  0:05 and 25cm
85cm
=  1:30  0:1), while the one of the NE
relic is flatter at low frequency (2m
85cm
=  0:5  0:2) and steepens at high frequency
(25cm
85cm
=  0:81  0:1).
3.4.3 Equipartition magnetic field
The total energy content of a synchrotron source (Utot) is given by the contribution
of the energy of the relativistic particles and the energy of the magnetic field. Utot
shows a minimum when these 2 contributions are approximately equal. For this
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Figure 3.13: Spectral index profile of the NE relic between 25 cm and 85 cm along the minor
axis (top panel) and the main axis (bottom panel). For the former the distance is from the
cluster center, for the latter the distance is from position RA = 17h13m51s, Dec = +64Æ1200000,
which is the SE edge of the relic.
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Figure 3.14: Radio spectra of the integrated emission of the radio halo (top panel) and of the
NE radio relic (bottom panel) for the frequency range 2m–25 cm. For this spectral comparison,
we have computed the fluxes of the halo in its NW region.
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reason the minimum energy is known also as the equipartition value. If we assume
that a radio source is in a condition of minimum energy, it is possible to estimate the









where the total minimum energy density (umin) of the source depends on (i) obser-
vational quantities, as the source brightness (I0), its redshift (z), and the observing
frequency (0), and (ii) unknown parameters, like the ratio between the energy in re-
lativistic protons and electrons (k) and the filling factor (), representing the fraction
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Here, (; 1; 2) is a constant which is tabulated in Govoni & Feretti (2004) and d
is the source depth. The latter formula is mainly used for significantly extended
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where V is the source volume.
Table 3.6 lists the equipartition magnetic field for the region of the halo free of radio
galaxies and for the NE relic. It was computed using the fluxes at 85 cm. Further-
more, we assumed equal energy in relativistic protons and electrons (k = 1) and a
filling factor  = 1 (the volume is homogeneously filled by the relativistic plasma).
The synchrotron luminosity is calculated in the frequency range 10 MHz–100 GHz.
Halo and relic are shaped as cylinders with a size (length  depth, derived from the
map at 25 cm) of 630  360 kpc and 990  270 kpc, respectively. A spectral index of
 =  1:3 for the halo and  =  0:7 for the NE relic was adopted.
Govoni et al. (2006) studied the intra cluster magnetic field power spectrum of
A2255 through the analysis of the RM distributions of three cluster radiogalaxies.
They found that to reproduce the behavior of the RM for the radio galaxies, the
power spectrum of the magnetic field of the cluster should steep from the center to
the periphery, with an average magnetic field strength for the radio halo calculated
over 1 Mpc3 of about 1.2 G. This value is a factor of 2 higher than the equipartition
magnetic field obtained by us. The discrepancy is mainly due to the fact that, in
the approach followed by Govoni et al. (2006), also low energy relativistic particles
are taken into account when computing the strength of the magnetic field, while in
the standard approach used in the computation of the equipartition parameters one
considers a cut frequency window between 1 and 2. Brunetti et al. (1997) demon-
strated that it is more appropriate to calculate the radio source energy by integrating






Figure 3.15: Comparison between the morphologies of the Beaver radio galaxy at 25 cm
(left panel) and 85 cm (right panel). The 25 cm map has been convolved with the 85 cm
beam (5400  6400). Boxes A and B define two regions along the tail where we did our analysis
(see Sect. 3.5.3–3.5.2). At 25 cm, the contours are –0.25 , 0.25,0.50, 1, 2, 4, 8, 16, 32, 64, 128
mJy beam 1; at 85 cm, –0.5, 0.5, 1, 2, 4, 8, 16, 32, 64, 128, 256, 512 mJy beam 1. The images are
not corrected for the primary beam.
the synchrotron luminosity over a range of electron energies. This method has the
advantage that electrons of very low energy are also taken into account and it avoids
the problem that electron energies corresponding to frequencies 1 and 2 depend
on the magnetic field value. Representing the electron energy with its Lorentz factor










where B0eq and Beq are expressed in Gauss. Using equation 3.8, we find that the
equipartition magnetic field computed by us and the average magnetic field of the
halo calculated by Govoni et al. (2006) are in agreement if we assume a cut in the
energy distribution of the relativistic particles at min = 310. By using the same min
as for the radio halo, the new equipartition magnetic field for the NE relic is  0:6G.
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Figure 3.16: Spectral index map of the Beaver radio galaxy between 25 cm and 85 cm, with a
resolution of 16300  18100. Pixels whose brightness was below 3 at 25 cm or 85 cm have been
blanked. The cut is driven by the 85 cm image in most of the points. Contour levels are those
of the radio map at 85 cm at low resolution: 0.0015 (3), 0.003, 0.006, 0.012, 0.024, 0.048, 0.096,
0.18, 0.36, 0.72, 1.4 Jy beam 1.
3.5 The head-tail Beaver radio galaxy
Abell 2255 is one of the richest clusters of the Abell catalog in terms of number of
radio galaxies. In our maps we can detect 7 extended radio galaxies: four are located
in the central region of the cluster, and three lie at large projected distance from it.
The physical properties of these radio galaxies have already been studied by seve-
ral authors (Harris et al. 1980; Feretti et al. 1997a; Miller & Owen 2003), but so far
spectral index images were not presented in the literature. During the analysis of
our multi-frequency observations, we studied the physical properties of the Beaver
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Figure 3.17: Spectral index map of the Beaver radio galaxy between 85 cm and 2 m, with a
resolution of 16300  18100. Pixels whose brightness was below 3 at 85 cm or 2 m have been
blanked. The cut is driven by the 2 m image in most of the points. Contour levels are those of
the radio map at 2 m: 0.015 (3), 0.030, 0.06, 0.12, 0.24, 0.48, 0.96, 1.8, 3.6 Jy beam 1.
radio galaxy because its long tail gave us the possibility to test ageing models of the
radiating electrons.
3.5.1 Spectral index analysis
One of the most interesting properties of the Beaver is that it doubles the length of
its tail to almost 1 Mpc between 25 cm and 85 cm (see Fig. 3.15). This suggests very
steep  values for the ending part of the tail, which is an indication of severe energy
losses suffered by the relativistic particles.
In Figs. 3.16 and 3.17, we show the spectral index maps of the Beaver, between
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25 cm and 85 cm, and between 85 cm and 2m. The spectral index distribution clearly
confirms that we are dealing with a tailed radio galaxy, since  severely steepens go-
ing from the head of the source towards the end of the tail. Between 25 cm and
85 cm, the spectral index of the Beaver could be computed for the head and the ini-
tial part of the tail. As we expect,  is flatter in the regions closer to the nucleus
( =  0:5  0:08), where more energetic electrons are continuously injected by the
central AGN, and then it steepens reaching values of  =  2:2  0:2. We would have
expected a flatter spectral index for the head of the radio galaxy, but the low reso-
lution of the maps makes the final spectral index of the nucleus contaminated by
the surrounding steeper regions. The spectral index between 85 cm and 2 m shows
basically the same trend, being flatter in the nuclear region (   0:6  0:03) and
steepening towards the cluster radio halo (   3:3  0:2).
The integrated spectra of the head and the tail of the Beaver are shown in Fig. 3.18.
The trend of the spectral index and of the primary beam corrected brightness be-
tween 2m and 85 cm along the tail is shown in Fig. 3.19. We computed  at 3 different
positions, starting from 40 from the nucleus of the radio galaxy and going towards
the end of the tail, averaging the  values within beam size boxes.
3.5.2 Physical parameters and spectral ageing in the tail of the
Beaver
The electrons in the tail of the radio galaxies are not thought to be subjected to large
bulk motions. Their number in a particular region of the tail remains constant after
the galaxy has passed. Therefore, their position can be considered as a measure of
the age of the electrons.
Given a homogeneous and isotropic population of electrons with a power law
energy distribution (N(E)dE = N0E
 dE), the synchrotron spectrum for regions opti-






where  is the pitch angle between the electron velocity and the magnetic field direc-
tion. The spectral index  is related to the index of the electron energy distribution:
 = (1-)/2.
The electron energy decreases with time and the resulting synchrotron spectrum
undergoes to a modification. One will observe a critical frequency , such that for
 < 
 the spectrum is unchanged, whereas for  >  the spectrum steepens.
There are several mechanisms that canmake the electrons loose their energy: syn-
chrotron radiation, inverse Compton scattering, adiabatic expansion, Bremstrahlung
and ionization losses (Kardashev 1962; Pacholczyk 1970). However, for confined tails
the first two mechanisms play the most important role.
There are mainly two models that describe the steepening of the radio spectrum
above :
 the Kardashev-Pacholczyk model (KP model, Kardashev 1962; Pacholczyk 1970), in
which the electrons maintain the same pitch angle with respect to the B lines.
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Figure 3.18: Radio spectra of the head (top panel) and the tail (bottom panel) of the Beaver
radio galaxy in the frequency range 2 m–25 cm.
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Figure 3.19: Top panel: point to point spectral index between 85 cm and 2 m. The  values
are plotted versus the distance from the nucleus of the Beaver, in arcminutes. Bottom panel:
variation of the primary beam corrected brightness at 2 m (top line) and 85 cm (bottom line).
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The particles will have different energy losses depending on the value of this
parameter;
 the Jaffe-Perola model (JP model, Jaffe & Perola 1973), where one considers an elec-
trons population with an isotropic distributions of pitch angles. This results in
a sharp energy cutoff in the energy electron distribution, with a synchrotron
spectrum showing an exponential drop at high-frequency.
Since the electrons within a radio source are likely to have various distributions of
the pitch angle, the JP model better describes this physical situation. Ignoring adia-
batic losses and assuming a constant magnetic field with time, for the JP model the
cutoff energy is:







where BIC represents the equivalent magnetic field strength of the microwave back-
ground and is expressed in G, as well as Beq.





We have fitted the integrated fluxes of the Beaver for two regions along the tail (la-
beled A and B in Fig. 3.15). They have been selected far from any possible contam-
inant source, as nucleus and extended emitting areas of the cluster radio halo. The
tail of the Beaver was not detected at 25 cm in region B, thus the flux we used in
this case is an upper limit. To produce the fit, the break frequency and the spectral
index in the part of the spectrum not affected by any evolution (inj) are left as free
parameters. The result is shown in Fig. 3.20. The very low 2 value may be due to
the number of free parameters used in the fit. For region A, the best fit is obtained for
inj =  0:5 and a break frequency 

= 353:6 MHz. For region B, we have assumed
the same injection spectral index as for region A, obtaining  = 94.52 MHz.
From the shape of its synchrotron spectrum and under the assumption of equipar-
tition, it is possible to estimate the radiative age of the radio source. For the JPmodel,









where B is in G and  in GHz. Assuming a CMB temperature of 2.725 K,
BIC = 3.238(1 + z)
2
G. For regions A and B, we obtain the radiative ages tra  1:9 
108 yr and trb  2:2  10
8 yr, respectively. For this calculation, we assumed B to
be the equipartition magnetic field. Beq is reported in Table 3.7, together with the
other physical parameters for regions A and B, and the head of the Beaver. The
equipartition parameters were computed using the fluxes at 85 cm (column 4). We
shaped the head of the source with a spherical geometry with a diameter of 15 kpc,
while for the tail we assumed a double cylinder geometry, with each cylinder having
a depth of 25 kpc and a length of 360 kpc. The sizes of the structures were derived
from the high resolution (200  200) image of the Beaver in Fig. 1 in Govoni et al.
(2006). The depth and the width are assumed to be the same for each feature. To
avoid any overestimation of the physical parameters, for the head and region A we
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adopted a spectral index which is the average of 2m
85cm
and  =  0:7. For position
B, we assumed a spectral index  =  0:5, which is the injection spectral index as for
position A.
An estimation of the kinematic age of the Beaver can be obtained assuming that
the host galaxy traveled fromposition B till its current location (D = 900 kpc) with the
constant velocity of  1000 km/s (the velocity dispersion of A2255 is
vA2255 = 1266 km s
 1). This implies tkin  6  10
8 yr.
3.5.3 Radio source confinement
An important connection between the ICM and the radio galaxies is provided by
the thermal pressure of the gas. From the radio data it is possible to derive the
pressure within the radio source, under the assumption that the radio galaxy is in
equipartition. From the X-ray data, one can estimate the parameters of the inter-
galactic medium surrounding the radio source. By comparing the internal pressure
of the radio emitting plasma with the thermal pressure of the ambient gas, we can
get information about the equilibrium between thermal and non-thermal plasma.
The X-ray emitting gas plays an important role in influencing the expansion and
the structure of a radio source because it gives rise to a static pressure (Pst), which
depends only on the gas temperature (Tig) and on the numerical density (nig) of the
X-ray emitting gas:
Pst = 2nigkTig ; (3.13)
where k is the Boltzmann constant.
For our analysis, we used the X-ray results obtained by Feretti et al. (1997a), and we
scaled the parameters to our cosmology. The central electron density of the X-ray
emitting gas is n0 = 2.0510
 3 cm 3 and its temperature is  3:5 keV, corresponding




[1 + ( rrc )
2]3=2
; (3.14)
where rc = 4.8
0
 0.40 and  = 0.74  0.04.
The Beaver radio galaxy lies at a projected distance from the center of the cluster
of  180 (1.6 Mpc), where the X-ray brightness of the thermal gas is very low, but still
above the background (see Table 3.8). By comparing the internal pressure of regions
A and B along the tail (see Table 3.7) with the static pressure of the X-ray emitting gas
at their projected distance from the cluster center computed with equation 3.13 (Ta-
ble 3.8), we conclude that the equipartition pressure is lower by a factor of 102   103
than the corresponding thermal pressure of the gas. We notice that projection effects
might play an important role in the determination of Pst. The large gap between















Figure 3.20: Fluxes of region A (top panel) and region B (bottom panel) fitted with the JP
model. 2 represents the reduced 2.





















































































































































































































































































































Table 3.8: Physical parameters of the X-ray emitting gas at the location of the Beaver.
Region r a n(r) b Pst
c
(kpc) cm 3 (dyne cm 2)
Head 1.5  103 1  10 4 1.2  10 12
A 1.1  103 2.2  10 4 2.5  10 12
B 7.8  102 4.1  10 4 4.6  10 12
a Projected distance from the X-ray centroid.
b Electron density.
c Static pressure.
Peq and Pst implies that either the numerous assumptions used in the calculations of




The origin and evolution of cluster radio halos is still a matter of debate (Jaffe 1977;
Dennison 1980). The main difficulty in explaining their nature arises from their large
size ( 1 Mpc) and the short radiative lifetime of the relativistic electrons emitting in
them. Different theoretical models have been suggested in order to infer the mecha-
nism of transferring energy into the relativistic electron population and for the origin
of the relativistic electrons themselves: in-situ re-acceleration of relativistic electrons
by shock waves (primary models), particle injection from radio galaxies, acceleration
out of the thermal pool, secondary electrons resulting from hadronic collisions of re-
lativistic protons with the ICM gas protons (secondary models), and combinations of
these processes (Brunetti 2003; Blasi 2003; Petrosian 2003).
Several properties make the halo of A2255 unique among the other known cluster
radio halos. Embedded in the halo emission there is an unusually large number (4)
of tailed radio sources, which are likely supplying it with relativistic particles (Feretti
et al. 1997a). Morphologically, the structure of the halo is rather complex, as Figs 3.6–
3.9 show. At 25 cm, the halo has a rectangular shape, due to the presence of 3 bright
filaments at the edges, perpendicular to each other. Previous VLA observations at
1.4 GHz (Govoni et al. 2005) revealed that they are strongly polarized ( 20%–40%).
This represents the first detection of a polarized halo in the literature. Also at 85 cm
and at 2 m the halo has a rectangular shape, with a considerable extension towards
the S and SW with respect to high frequencies (see Figs. 3.8 and 3.9). Furthermore,
in the 2 m observations a new extended emitting region is detected to the NW of the
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halo (Figs. 3.9 and 3.10). This new feature, undetected in the more sensitive observa-
tions at 85 cm (Fig. 3.8), should have a very steep spectrum (   2:6).
As a consequence of the presence of the filaments, the surface brightness of the halo
increases from the center towards the edges and this reflects in the spectral index be-
havior within the halo (see Figs 3.11–3.12). Although the low resolution of the images
does not allow us to obtain very precise trends and the presence of the radio galaxies
at the cluster center partially contaminate the determination of the spectral index, it
is evident that  is steeper in the regions in between the filaments and flattens along
them, where fresh (re-) acceleration of the relativistic particles takes place. This trend
has not been seen before in a radio halo; in the few clusters for which maps of the
spectral index are available, as Coma C (Giovannini et al. 1993), A665 and A2163
(Feretti et al. 2004), A3562 (Giacintucci et al. 2005), A2744 and A2219 (Orru´ et al.
2007), the halo radio spectrum shows variations on small scales (as clumpy struc-
tures) and/or on large scales (radial steepening from the center to the edges).
The singular properties of the halo of A2255 (morphology, surface brightness,
spectral index distribution, and polarization), suggest that either this extended struc-
ture has a more complex structure than the other known radio halos or that it is seen
in a particular stage of its evolution. Since our observations do not support a unique
explanation for the origin of the radio halo, we suggest the two following scenarios:
 the halo and the filaments are two physically distinct structures, seen in projection as
a unique feature.
X-ray, optical, and radio data provide evidence that A2255 is currently in an
active dynamical state, and other surrounding structures might be interacting
with it. A ROSAT X-ray survey observation indicates that this cluster belongs
to the north ecliptic pole super-cluster, which contains at least 21 members
(Mullis et al. 2001). Signs of the interaction of A2255 with the other cosmic
structures are expected. Indeed, many radio features are detected at various
distances from the cluster center. These radio “relics” suggest that the cluster
is currently accreting gas from the cosmic environment and is possibly host-
ing many shock waves deriving from the past merger activity. Relics, usually
found at the cluster periphery, should occasionally also be detected in projec-
tion towards the cluster center. Thus, it is possible that the three filaments
that “form” the radio halo of A2255 are shocked regions of plasma which are
seen in projection on the central real radio halo. Their highly polarized flux
(Govoni et al. 2005) favours a location of these structures in the foreground
instead than in the background, where Faraday depolarization would rapidly
depolarize them. The new extended feature detected at 2 m to the NW of the
cluster center could be considered as an extension of the halo and its very steep
spectral index could be explained in the framework of the primary electron re-
acceleration models, where a steepening of the spectral index from the center
to the edges of the halo is expected. However, since radio halos in the literature
are known to have regular morphologies, we should also consider the hypo-
thesis that the new feature is not physically related with the central radio halo.
In this case, this could be considered as the first example of Mpc-size diffuse
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structures (MDS), which lie around clusters and are detectable at very low fre-
quency only.
 the halo has an intrinsic surface brightness increasing towards the edges and a spectral
index flattening from the center to its outermost regions.
The bright and polarized filaments at the edge of the halo could derive from
the injection in the intra cluster medium of energy on large scales, which is
produced by turbulence, resulting from past merger activity. On the theoretical
point of view, the picture of the development of turbulence in clusters seems
still uncertain. Dolag et al. (2005) argue that the bulk of turbulence is injected
in the core of galaxy clusters, implying a more developed turbulence in the
innermost regions, compared to the outer parts. On the other hand, cosmo-
logical numerical simulations suggest that turbulence is expected to be greater
at increasing radial distances from the cluster center (Bryan & Norman 1998;
Sunyaev et al. 2003). Moreover, Govoni et al. (2006) showed that to repro-
duce the RM distribution for three of the radio galaxies of A2255 one needs a
power spectrum of the magnetic field of the cluster steepening from the center
towards the periphery and the presence of filamentary structures on a large
scale. Therefore, it is possible that the turbulence at the center of A2255 gave
rise to shocked regions at the edges of the halo.
In this framework, a physical connection between central halo and the newly
detected extended feature to the NW from it seems unlikely. Thus, the latter
should be classified as the first example of MDS.
3.6.2 Relics
Relics are associated with clusters with or without cooling core, suggesting that they
may be related to minor or off-axis mergers, as well as major mergers. Their for-
mation is supposed to be related to shocks either by Fermi-I diffuse acceleration of
ICM electrons (Enlin et al. 1998; Roettiger et al. 1999; Hoeft & Bru¨ggen 2007) or by
adiabatic energization of the relativistic electrons confined in bubbles of fossil radio
plasma (“ghosts”), released by a former active radio galaxy (Enlin & Gopal-Krishna
2001). Shocks in clusters environments can derive from the merger of sub-clusters
(merger shocks, Bykov et al. 2008), or can be due to the accretion of diffuse , un-
processed (cold) matter on gravitationally attracting nodes (accretion shocks, Miniati
2003; Keshet et al. 2003)
The presence of shocked regions in A2255 is strongly supported by X-ray and
radio observations. Recently, the XMM-Newton satellite detected a shocked region
near ( 40, 360 kpc) the cluster center . Themorphology of this thermal emission sug-
gests that it could arise from a merger that happened along the east-west direction
about 0.15 Gyr ago (Sakelliou & Ponman 2006). However, the complicated structure
of the temperature map does not allow any precise conclusion about the geometry
of the merger.
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At radio wavelengths, A2255 shows the presence of several relics and filamentary
features (see Fig. 3.6 and Fig. 3.8) which are likely associated with shocks. The young
merger event inferred by the X-ray observations cannot be responsible for the forma-
tion of these features, which are located at large distance from the cluster center. The
shock derived from it lies still inside the radio halo. Cosmological simulations show
that cosmic structures form through several merger events. Consequently, the cluster
environment can host many shocks traveling towards different directions, together
with possible other shocks, appearing at large distance from the cluster center and
possibly associated with the flow of cold gas into the potential wall of the cluster
itself. This scenario seems to be present in A2255. In its outermost regions there
are relic-like structures, which are probably associated with LSS shocks (Pizzo et al.
2008). In addition, in its innermost regions there are shock-related features (NE relic,
bridge, C1, and C2 in Fig. 3.6) which likely derive from the past merger activity.
The shape and location of the NE relic clearly suggest that this could be asso-
ciated with a shock wave traveling along the NE to SW direction. The orientation
of the magnetic field in it, being parallel to the major axis (Govoni et al. 2005), also
supports this scenario. Its radio spectral index (   0:7), unusually flat for a relic,
suggests that this structure is young and the relativistic electrons have been recently
(re)accelerated. The spectral index trend along the minor axis, being steep near the
cluster center and flattening towards the periphery (see top panel of Fig. 3.13), im-
plies that the shock is traveling outwards. The fact that we see a gradient of the
spectral index also along the major axis (see bottom panel of Fig. 3.13) , may be due
to the complex geometry of the shock. The presence of filamentary radio emission
perpendicular to the NE relic (bridge, C1 and C2 in Fig. 3.6) suggests that another
shock could be present at this location and it could have influenced the physical
properties of the NE relic itself.
The nature of the NW and SW relics has been already investigated by Pizzo et al.
(2008) by means of the 85 cm observations. The spectral index study carried out in
this paper, allow us to reinforce our first conclusion. The spectrum of the NW relic
has been determined for the only filament oriented towards the cluster center. Its 
values ( 1:20:08     0:90:1) and its location with respect to the cluster center,
still support the hypothesis that it could be related to LSS shocks. The SW relic is
not detected at 2 m, therefore we can only compute a lower limit (   1:2). Given
the common physical properties with the NW relic, we still suggest that also the SW
relic could be associated with LSS shocks.
3.6.3 The Beaver radio galaxy
Narrow angle tail (NAT, Rudnick & Owen 1976) radio galaxies have a U-shape mor-
phology, with the nucleus coincident with the parent optical galaxy and both tails
bending backwards. Most of these sources were detected in clusters of galaxies and
they have been the target of numerous investigations. The morphology of NAT ra-
dio sources is due to the ram pressure exerted by the ambient medium on the radio
plasma ejected by the host galaxy that moves through the cluster. In this scenario,
the quasi continuous beams ejected by the central galaxy are bent backwards, form-
ing a tail which marks the path that the galaxy has traveled through the ICM. It is
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currently accepted that in non collapsing clusters, the motion of the ICM is subsonic,
thus not having a substantial effect on the orientation of the radio tails. In this con-
text, the tail of the radio galaxy will be parallel to the galaxy advance motion.
The size of NAT radio galaxies, from the nucleus till the end of the tail, is on ave-
rage about 200–300 kpc (Vallee & Roger 1987). This is comparable with the extent
of the more common double radio sources, which have a I-shape, with the parent
galaxy located at the centroid. However, a few examples of NAT radio galaxies with
uncommonly long tails are reported in the literature. Among them, the most well
known objects are IC 711 in Abell 1314 (650 kpc, Vallee & Roger 1987; Vallee 1988)
and NGC 1265 in the Perseus cluster (> 500 kpc, Sijbring & de Bruyn 1998). The
Beaver radio galaxy (1712+638, J2000), whose tail extends to almost 1 Mpc at 85 cm
wavelength, provides a clear example of such radio sources.
The long tail of the Beaver may suggest that the host ga-
laxy (2MASX J17131603+6347378) has traveled from the central regions of the cluster
to its actual location without any substantial deviation from its original direction, at
least on the plane of the sky. Projection effects could make the tail appear shorter, but
knowing the real extent of the tail as well as the 3-dimensional location of the Beaver
with respect to the other cluster structures is challenging. A polarization study of
the cluster at 85 cm reveals that the end of the tail of the Beaver is polarized (Pizzo
et al. 2009a, Chapter 4). This suggests that this structure is not located deep inside
the dense X-ray emitting gas, which would make it depolarized due to Faraday de-
polarization. However, since the radial velocity of the galaxy (vBeaver = 24843 km/s)
is only 700 km/s higher than the mean velocity of the cluster (vA2255 = 24163 km/s),
which is less than its velocity dispersion (vA2255 = 1266 km/s), the direction of the
velocity vector cannot be determined.
We have checked that the long nature of the Beaver is real subtracting the point
sources visible at higher frequency along the path of the tail in the low-frequency
maps. Support to the genuine nature of the tail is also the regular steepening of the
spectral index from the head towards its outermost regions (Figs. 3.16 and 3.17).
The severe steepening of the spectral index along the tail of the Beaver implies
that the relativistic electrons responsible of the radio emission suffered important
energy losses after their first ejection from the parent galaxy, which is confirmed
by the high radiative ages of the plasma at the end of the tail ( 2:2  108 yr, see
Sect. 3.5.2). Its detectability, even at low frequency, raises questions, since adiabatic
expansion should play an important role in rapidly depriving the electrons of their
energy. In this context, it is suggested that the ICM could have a drastic influence on
the final stages of the life of the plasma (e.g. Venturi et al. 1998; Parma et al. 2007).
In our case, the high static pressure exerted by the ICM on the ending part of the tail
of the Beaver (where the internal pressure is 103 times lower than the external one)
may prevent its quick dissipation through adiabatic expansion.
It is worth noting that the Beaver shows at the end of the tail spectral index values
very similar to those of the southern regions of the halo (Fig. 3.17). This property
suggests that the Beaver and the halo may be physically related structures and that
the radio galaxy provides the halo with the relativistic particles for its own radio
emission. Tailed radio sources are thought to supply the relativistic electrons to radio
halos (see the example of NGC4869 in the COMA cluster, Giovannini et al. 1993). In
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the Beaver radio galaxy and A2255 we may witness this process.
3.7 Summary and conclusions
We presented WSRT observations of the cluster of galaxies A2255 at wavelengths of
25 cm, 85 cm, and 2 m. In the final maps, the radio halo and the relics are detected. In
each image, the radio emission associated with the cluster seems to be very complex
and several new features are detected. Our observations, together with the results
coming from optical and X-ray studies, have highlighted an interesting picture for
this cluster, which has probably undergone multiple merger events during its past
history. Several features, detected in the radio domain in and around the cluster,
could be considered as an indication of a still undergoing strong dynamical activity.
At 25 cm, the radio halo shows a U-shape, with three bright filaments perpendi-
cular to each other at the edges. Two additional filamentary features are detected at
low level, the first one at the same location of the NW relic found at 85 cm and the
other one near the already known NE relic (see Fig. 3.6). At 85 cm, the halo is more
extended towards S and SW and at 2 m it shows a Mpc-size extension towards NW
which was not detected previously.
From the spectral index images we found that  is steep in the central part of the
halo and flattens moving towards its outermost regions (Figs. 3.11 and 3.12). This is
likely to be due to the presence at this location of bright filaments, clearly detected at
higher frequency. Understanding the nature of these filaments and of the newly de-
tected extended emission between halo and NW relic is challenging. One possibility
is that the central radio halo and the filaments are two physically unrelated struc-
tures, seen in projection near the cluster center. In this case, the extended feature de-
tected at 2 m to the NW of the halo could be considered as an asymmetric extension
of the halo itself; its steep spectrum (   2:6) could be justified in the framework of
the primary electron re-accelerationmodels, where a steepening of the spectral index
from the center to the edges of the halo is expected. However, since radio halos are
known in the literature as structures showing a regular morphology, the new feature
could be physically not related with the central radio halo and it should be consid-
ered as the first example of Mpc-size diffuse structures (MDS), which are detectable
around clusters at very low frequency only. On the other hand, it is also possible that
A2255 hosts an intrinsically peculiar radio halo, which has a filamentary structure at
the edges. In this scenario, the diffuse emission region to the NW of the halo should
be considered as not related to the central halo and classified as MDS. In order to dis-
tinguish between the two possible scenarios, it is important to understand the real
nature of the filaments. Sensitive X-ray observations are needed to investigate the
presence of X-ray substructures, possible shocks, and their connection to the radio
halo. On the other hand, a detailed study of the rotation measure of the different
physical structures of the cluster could make it possible to infer the 3-dimensional
geometry of A2255 (Pizzo et al. 2009a, Chapter 4), possibly answering this still open
question.
The NE relic shows a flattening of the spectral index along its minor axis, moving
outwards from the cluster center (see top panel of Fig. 3.13). This, and the rather
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flat integrated spectrum of the NE relic (Fig. 3.14, bottom panel), suggests that the
relativistic particles have been recently (re-) accelerated by a shock, that is traveling
from the center of the cluster towards its periphery along the NE-SW direction.
The NW and SW relics are both detected at 85 cm only. The NW relic is also visi-
ble at 2 m, but just partially at 25 cm. From the spectral index image between 2m and
85 cm, we obtain spectral index values ranging between –0.6 and –1.8, steepening to-
wards the cluster center. We cannot obtain a direct estimation of the spectral index
for the SW relic, because of sensitivity limitations in the 25 cm and 2 m maps, there-
fore only a lower limit can be derived in this case (  –1.2).
The tail of the Beaver radio galaxy increases its length to almost 1 Mpc between
25 cm and 85 cm. This is a clear indication that the plasma along the tail suffered
severe energy losses after the ejection from the parent optical galaxy, and that is still
confined in the tail due to the static pressure exerted by the external ICM. The very
long tail of the radio galaxy gave us the possibility to test ageing models for the
relativistic electrons. The JP model gives a good representation of our data for the
initial part of the tail (Fig. 3.20, top panel). For the ending part, more observations
at intermediate wavelengths between 25 cm and 85 cm are needed to draw any con-
clusion (Fig. 3.20, bottom panel). In the spectral index map between 85 cm and 2 m
(Fig. 3.17) there is the indication that the  values of the ending part of the tail of
the Beaver are similar to those of the southern regions of the halo of A2255. This
might suggest that the radio galaxy has provided the halo with relativistic particles
for its own radio emission. To test this hypothesis, a more detailed study of the stee-
pening of the spectral index along the tail of the Beaver is needed. LOFAR, thanks
to its wide low-frequency range and high resolution, will play a major role in such
investigations.
R.F.P. is thankful to Luigina Feretti for the useful discussions during the data ana-
lysis. R.F.P. is grateful to Monica Orienti for the very helpful and detailed comments
and suggestions during the writing of the manuscript. TheWesterbork Synthesis Ra-
dio Telescope is operated by ASTRON (Netherlands Institute for Radio Astronomy)
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Abstract
Aims. By studying the polarimetric properties of the radio galaxies and
the radio filaments belonging to the galaxy cluster Abell 2255, we aim at
unveil their 3-dimensional location within the cluster.
Methods. We performed WSRT observations of A2255 at 18, 21, 25, 85,
and 200 cm. The polarization images of the cluster have been processed
through Rotation Measure (RM) synthesis, producing three final RM-
cubes.
Results. In the high-frequency RM-cube, obtained by combining the data
at 18, 21, and 25 cm, the radio galaxies and the filaments at the edges
of the halos are detected. Their Faraday spectra show different levels of
complexity. The radio galaxies lying near by the cluster center have Fara-
day spectra with multiple peaks, while those at large distance, as well
as the filaments, show one peak only. Similar RM distributions are ob-
served for the external radio galaxies and for the filaments, with average
RM values and RM variance much lower than those found in previous
works for the central radio galaxies.
The 85 cm RM cube is dominated by the Galactic foreground emission,
but it shows also features associated with the cluster. At 2 m, no polari-
zed emission from A2255 nor our Galaxy is detected.
Conclusions. The radial trend observed in the RM distributions of the
radio galaxies and in the complexity of their Faraday spectra favour the
interpretation that the external Faraday screen for all the sources in A2255
is the ICM. Its differential contribution depends on the amount ofmedium
that the radio signal crosses along the line of sight. The filaments should
Submitted for publication in Astronomy & Astrophysics.
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therefore be located at the periphery of the cluster and their apparent cen-
tral location is due to projection effects. Their high fractional polarization
and morphology suggest that they are relics rather than part of a genuine
radio halo. Their inferred large distance from the cluster center and their
geometry could argue for an association with large-scale structure (LSS)
shocks.
4.1 Introduction
Clusters of galaxies contain a conspicuous amount of gas classified as intra cluster
medium (ICM). The dominant baryonic component of the ICM is represented by the
X-ray emitting thermal plasma, amounting to about 15%–17% of the total gravita-
tional mass of the cluster (Feretti 2005). Additional non-thermal components of the
ICM, not obviously associated with individual radio galaxies, have been detected in
several clusters. Feretti & Giovannini (1996) classify them as radio halos: centrally lo-
cated, Mpc-scale, low surface brightness, steep-spectrum radio sources with a regu-
lar morphology, radio relics: elongated, steep-spectrum radio sources often found at
the periphery of clusters, and radio mini-halos: diffuse, moderately large ( 500 kpc)
radio sources surrounding powerful central dominant (cD) radio galaxies in cooling
core clusters. The existence of these extended non-thermal features in galaxy clusters
prove the presence of large-scale magnetic fields in them. Their study is therefore the
key for a comprehensive description of the ICM.
The emission from halos and relics, being due to the synchrotron process, is ge-
nerally intrinsically polarized, assuming ordered magnetic fields. While radio relics
are indeed highly polarized (20–40%), radio halos generally do not show any signi-
ficant polarization (Feretti & Giovannini 1996). This is thought to be due to internal
depolarization along the line of sight and/or beam depolarization, given the low
resolution needed for the detection of these sources. The study of the polarization
associated with halos and relics is a powerful diagnostic tool that can be used to
constrain the strength and geometry of magnetic fields in clusters.
Important complementary information on cluster magnetic fields along the line
of sight can also be derived through the study of the rotation measure distributions
observed towards background and cluster radio sources, since their polarized emis-
sion experiences Faraday rotation while crossing the magnetized ICM. These studies
determined values for cluster magnetic fields of a few G (for a review see Carilli
& Taylor 2002, and references therein). In addition, stronger magnetic fields are de-
tected in the innermost regions of cooling core clusters, where RM values of the order
of several hundreds of rad m 2 (Clarke et al. 2001) up to a few thousands of rad m 2
(Vogt & Enlin 2003) have been found.
An important technique which has been recently developed to analyze and interpret
polarization data is RM-synthesis (Brentjens & de Bruyn 2005). By separating the
polarized emission as a function of Faraday depth, this technique can give impor-
tant information on the 3-dimensional structure of clusters of galaxies. Such inves-
tigations become progressively more difficult to carry out at low frequencies, where
instrumental (i.e. beam and bandwidth depolarization) and astrophysical effects (de-
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polarization occurring inside and outside the radio source) may reduce the observed
polarized emission.
A2255 is a nearby (z=0.0806, Struble & Rood 1999) rich cluster, which has been
studied at several wavelengths. ROSAT X-ray observations indicate that A2255 is a
non-cooling core cluster which has recently undergone a merger (Burns et al. 1995;
Davis &White 1998; Feretti et al. 1997a; Davis et al. 2003; Sakelliou & Ponman 2006).
Optical studies of A2255 reveal the presence of kinematical substructures in the form
of several associated groups (Yuan et al. 2003). This result, together with the large
ratio of velocity dispersion to X-ray temperature (6.3 keV; Horner 2001) indicates a
non-relaxed system.
At radio wavelengths, A2255 hosts a diffuse radio halo, a relic source, and seven ex-
tended head-tail radiogalaxies. On the basis of their morphological properties at low
frequency, they are named Goldfish, Double, Original TRG, Sidekick, Bean, Beaver,
and Embryo (Harris et al. 1980). The former 4 radio galaxies lie near the cluster
center, while the others are located at large projected distance: the Embryo and the
Beaver lie at 1.5 Mpc; the Bean at  3.5 Mpc. Most of these radio galaxies have a nar-
row angle tail (NAT, Rudnick & Owen 1976) morphology, which suggests a strong
interaction between the plasma ejected by the parent galaxy and the ICM. Moreover,
their tails show a random orientation with respect to the cluster center, suggesting
that they are in random orbits inside the cluster (Feretti et al. 1997a).
Sensitive Westerbork Synthesis Radio Telescope (WSRT) observations have recently
shown that A2255 is surrounded by a large number of low surface brightness ex-
tended features, which are possibly associatedwith large-scale structure (LSS) shocks
(Pizzo et al. 2008, Chapter 2). A study of the cluster at 21 cm revealed that the radio
halo is dominated by 3 filaments, which are strongly polarized ( 20–40%, Govoni
et al. 2005). The distribution of their polarization angles indicates that the magnetic
field is ordered on scales up to 400 kpc.
In this paper we present WSRT polarimetric observations of Abell 2255 at 18,
21, 25, 85, and 200 cm. By extending the analysis presented in Pizzo et al. (2009b),
we study the polarimetric properties of the radiogalaxies and investigate the highly
polarized emission of the halo, unexpected for such a structure. RM-synthesis is
used for the analysis of the data. The total intensity results from this observations
were used to investigate the spectral index properties of the structures belonging to
the cluster (Pizzo & de Bruyn 2009, Chapter 3).
The outline of the paper is as follows. Sect. 4.2 describes the main steps of the
data reduction, the polarization calibration, and the correction for the time-variable
ionospheric Faraday rotation. In Sect. 4.3 we present the RM-cubes and discuss the
instrumental artifacts and the real signal in them. In Sect. 4.4 we analyze the re-
sults, determining the RM distributions of the radiogalaxies and the filaments and
describing the characteristics of their Faraday spectra. In Sect. 4.5 we discuss the im-
plications of our results on the nature of the radio filaments and we summarize our
work in Sect. 4.6.
In this paper we assume a CDM cosmology with H0 = 71 km s
 1 Mpc 1,

m = 0:3, and 
 = 0:7. All the positions are given in J2000. At the distance of
A2255 ( 350 Mpc), 10 corresponds to 90 kpc.
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Table 4.2: Details of the flux calibrators.
Wavelength 0
a name Flux 
(cm) (MHz) (Jy)
18 1722 CTD93 4.4 –0.5
21 1380 CTD93 4.9 –0.5
25 1220 CTD93 5.2 –0.5
85 346 3C295 63 –0.6
200 148 3C295 95 –0.6
a central frequency of the observing bands.
4.2 Observations and data reduction
The observations were conducted with the WSRT. The array consists of fourteen
25 m dishes on an east-west baseline and uses earth rotation to fully synthesize the
uv-plane. Ten telescopes (labeled from 0 to 9) are on fixed mountings, 144 m apart;
the four remaining dishes (labeled A, B, C, and D) are movable along two rail tracks.
In our observations we used the maxi-short configuration as well as the standard
configurations (Morganti 2004). In these we kept the distances between the movable
telescopes constant (RTA–RTB and RTC–RTD at 72 m; RTA–RTC at 9  144 = 1296
m), while changing the distance RT9–RTA from 36 to 90 or 96 m in fixed intervals.
The baselines therefore range from 36 m to 2.7 km.
Table 4.1 summarizes the observational parameters. The observations were bracke-
ted by two pairs of calibrators, one polarized and one unpolarized, observed for 30
minutes each. The pointing center of the telescope, as well as the phase center of the
array was directed towards RA = 17h13m00s, Dec = +64Æ 070 5900, which is the radio
center of A2255.
The time sampling of the data is 30 s for the observations at 18 cm, 21 cm, 25 cm, and
85 cm, and 10 s at 2 m. This is generally sufficient to sample the phase fluctuations of
the ionosphere and to avoid time-smearing for sources at the outer edge of the field.
The technical details about each individual dataset will be discussed in the next sub
sections. Here we give a short overview about the main steps taken in the data re-
duction.
The data were processed with theWSRT-tailored NEWSTAR reduction package (No-
ordam 1994) following the standard procedure: automatic interference flagging, self
calibration, fast Fourier transform imaging, and CLEAN deconvolution (Ho¨gbom
1974). Further flagging based on the residual data after self calibration and model
subtraction was done after each self calibration iteration. An on-line Hamming ta-
per was used to lower the distant spectral side lobe level (Harris 1978). This makes
two contiguous channels highly dependent and therefore the final analysis was done
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using only the odd channels.
In Table 4.2 we report the fluxes adopted for the calibrators at the different observing
wavelengths. We computed them across the entire bands by assuming a spectral in-
dex of  =  0:5 and  =  0:6 for CTD93 and 3C295 respectively. At 18 cm, 21 cm,
25 cm, and 85 cm the fluxes are based on the Baars et al. (1977) scale and have an un-
certainty of about 1%. At 2 m the fluxes have been extrapolated and therefore they
are believed to be accurate at about 5%. The details on the polarization calibration
are discussed in Sect. 4.2.5.
4.2.1 18 cm and 21 cm datasets
At 18 cm and 21 cm, A2255 was observed for a single 12h run with the “maxi-short”
configuration of theWSRT, where the separations between the last 5 array telescopes
are optimized for imaging extended emission in a single 12h observation. To distin-
guish between the polarized cluster emission and Galactic emission, also 35 back-
ground sources were observed at 21 cm. They were selected on the basis of their
strong (> 1.2 mJy) NVSS polarization fluxes and within an area of about 4 degrees
diameter centered on the cluster.
At these wavelengths, the feeds are sensitive to frequencies between 1310 and
1795 MHz. The back-end covers this frequency range with 8 tunable, 20 MHz wide
bands. At 18 cm the bands are centered at 1659, 1677, 1695, 1713, 1731, 1749, 1767,
1785 MHz and at 21 cm at 1459, 1437, 1419, 1401, 1379, 1359, 1339, 1320 MHz. The
bands have a 2 MHz overlap to provide a continuous frequency coverage. Each
sub-band is covered by 64 channels in 4 cross-correlations to recover all the Stokes
parameters.
Due to strong RFI during the observations of 5 of the 35 sources surrounding
A2255, the final analysis has been restricted to 30 sources. For each of the 3 datasets,
the total amount of flagged data was  10%. At 18 cm and 21 cm, the resolution is
1100  1200 and 1200  1300, respectively.
4.2.2 25 cm dataset
At 25 cm, A2255 was observed for 4  12h. By stepping the 4 movable telescopes at
18 m increments from 36 to 90 m, the first grating lobe due to the regular 18 m base-
line increment is pushed to a radius of  1Æ. This allows the faithful reconstruction
of large-scale cluster-wide emission.
At this wavelength, the receiving band is divided into 8 contiguous, slightly over-
lapping sub-bands of 20 MHz centered at 1169, 1186, 1203, 1220, 1237, 1254, 1271,
and 1288 MHz. Each sub-band is covered by 64 channels in 4 cross-correlations to
recover all the Stokes parameters.
Because of limitations of the software in handling files larger than 2.15 GB, the
data reduction was done for each frequency band independently. Thus, the original
dataset was processed per sub-band, but each containing the 4  12h of observation.
Because of strong RFI, 3 out of the original 8 frequency sub-bands have not been
used for the polarization imaging. The total amount of unused or flagged data was
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 40%. At 25 cm, the resolution is 1400  1500.
4.2.3 85 cm dataset
To fully image the whole primary beam and the Galactic foreground polarized emis-
sion, A2255 was observed for 6  12h. We used 6 array configurations, in which the
four movable telescopes were stepped at 12 m increments (i.e. half the dish dia-
meter). The shortest spacing was stepped from 36 to 96 m, providing continuous
uv-coverage with baselines ranging from 36 to 2760 m.
The receiving band covers the frequency range 310–380 MHz and is divided into
8 sub-bands of 10 MHz centered at 315, 324, 332, 341, 350, 359, 367, and 376 MHz.
Using recirculation in the back-end, the number of frequency channels was increased
to 128 channels in 4 cross-correlations to recover all the Stokes parameters. The initial
dataset was split into 16 smaller datasets, each containing 6  12h, but only half a
sub-band. Approximately 25% of the data were flagged. The resolution at 85 cm is
5400  6400.
4.2.4 2 m dataset
At 150MHz, A2255was observed for 612h to fully image the primary beam. During
each session, the polarized calibrator PSR1937+21 was observed for seven times, to
monitor and correct for the ionospheric Faraday rotation (see Sect. 4.2.6).
The LFFE (Low Frequency Front End) at the WSRT is equipped with receivers
sensitive in the frequency range 115–175 MHz. The full band is covered by eight
sub-bands of 2.5 MHz centered at 116, 121, 129, 139, 141, 146, 156, and 162 MHz.
Using a factor of eight recirculations for these observations, each frequency band
was divided into 512 channels.
Given the large size of the final dataset ( 250 GB), the observations have been
split in 240 smaller datasets, each containing one fifth of a sub-band for one spacing.
Due to serious correlator problems during the night of 17–18 July 2007 (RT9–
RTA = 60 m), the final data reduction was done using 5 12h of observation. The
total amount of flagged data was  35%. The resolution at 150 MHz is 16300  18100.
4.2.5 Polarization calibration
The WSRT telescopes are equipped with a pair of orthogonal feeds (XY). All four
cross correlations between the incident signals are formed.
The overall (on-axis) instrumental leakages at the WSRT, typically 1%–2%, were
calibrated using an unpolarized calibrator. The instrumental polarization correction
were transferred to the polarized calibrator, which was then used to phase align
the two orthogonal linear polarizations. Finally, the polarization corrections were
transferred to the target source.
The polarization calibration followed the standard steps described in Hamaker et al.
(1996) and Sault et al. (1996). Most of the calibration procedure was carried out
by scripts calling NEWSTAR routines, but manual corrections had to be applied at
85 cm and 2 m because the scripts failed to find a physical solution.
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Figure 4.1: Examples of the QU and UV plots for the 7 short observations of PSR1937 du-
ring the 12h session of June 22th 2007 (spacing configuration: RT9–RTA = 36 m) before (this
page) and after (next page) the leakages correction. The plots refer to the frequency band 146–
148 MHz. The symbols identify the different sub-datasets in which the original dataset has
been split (see text). Each point has a value averaged over a group of 10 frequency channels.
Since PSR1937+21 has a RM  +8:19 rad m 2, the polarization vector in the QU plane rotates
about 80Æ within this frequency range.
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The polarized signal is described by the polarization vector p, whose intensity (P)
and angle () are given by
P =
p








where Q, U, and V are the Stokes parameters. When calibrating the data of the
polarized calibrator, one must verify that p rotates in the QU plane according to the
known RM value of the polarized calibrator. The amount of rotation  is given by:
 [rad] = RM  2[m] ; (4.3)
where  is the observing wavelength. No signal in V is expected to be detected
because most of the astrophysical sources show linear polarization only.
A phase difference between the X and Y channels, however, will rotate U into V. The




+ n : (4.4)
Equation 4.4 has two solutions: one where n is even and one where n is odd. The
wrong solution flips the sign of the RM of the calibrator. Therefore, if the sign is
known a priori, it is trivial to select the correct solution.
The polarization calibration was performed at 85 cm using DA240 as polarized cali-
brator. Since this source has a RM = +3:330:14 radm 2 (Brentjens 2008), we verified
that at the end of the calibration p rotates  1 rad from 381 MHz to 315 MHz and that
there is no residual V signal left.
At 150 MHz, we used PSR1937+21 as polarized calibrator. The source was observed
7 times during each observing session, in order to monitor its RM changes. This
pulsar has a RM of +8.19  0.08 rad m 2 (see Sect. 4.2.6) and a polarized intensity of
 1:5 Jy at 146 MHz.
The results of the procedure are shown in Fig. 4.1, where we present the situation in
one band (146MHz) for the first observing night (RT9–RTA = 36 m) before (left page)
and after (right page) the polarization calibration. To increase the signal to noise ratio
and have a better determination of the measured Q, U, and V fluxes, the data were
averaged per 10 channels. Before the correction, the QU points lie on a circle with
approximately the correct radius, but with the wrong order: going from lower fre-
quencies to higher frequencies the circle should be described clockwise, while here
we see the opposite situation. Consequently, in the UV plots there are points that
have a non-zero V value. The signal in V should be transferred to U. The X–Y phase
difference, calculated using a linear fit for the UV points, defines the correction that
must be applied to the data. This is determined for each time cut and averaged du-
ring the night. After the correction, all the points have approximately a null V value
and describe a circle in the QU plane with the correct sense of rotation.
The signal was also corrected for the ionospheric Faraday rotation, which is rele-
vant at low frequencies. This is described below.
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4.2.6 Ionospheric Faraday rotation
The Earth’s ionosphere has density fluctuations that affect mostly low frequency ob-
servations, introducing a direction dependent variation in the phase of the signal
received by the interferometer. In addition, it also affects the polarization, giving
rise to time variable Faraday rotation.
Time variable ionospheric Faraday rotation often amounts to several turns of the
polarization vector in the QU plane at low frequency. This effect can significantly
depolarize the signal. The ionospheric Faraday rotation at the WSRT is typically a
few tenths of rad m 2 during night time. Daytime values of 5 rad m 2 are also pos-
sible during the solar maximum (Brentjens 2008). A variation of just 0.5 rad m 2
in ionospheric Faraday depth corresponds to a change in polarization angle of the
signal of  200Æ at 115 MHz, the lowest frequency of the 2 m observations. The cor-
rection for this effect is important, because it could significantly affect the results of
the polarization imaging.
The correction for the ionospheric Faraday rotation was applied only to the 2 m
dataset, which is the most affected by the problem. It was computed using global
GPS total ionospheric electron content (TEC) data and an analytical model for the
geomagnetic field. The GPS-TEC data were provided by the Center for Orbit Deter-
mination in Europe (CODE) of the Astronomical Institute of the university of Bern,
Switzerland. The geomagnetic field was computed using the International Geoma-
gnetic Reference Field (IGRF), which consists of a series of mathematical models of
the Earth’s main field and of its annual rate of change. The ionosphere was mod-
eled as a spherical shell with a finite thickness and uniform density at an altitude
of 350 km above the mean sea level. The validity of the model was first checked
on the polarized calibrator. We expect to see an agreement between the computed
and the observed RM variation towards PSR1937+21, monitored 7 times during each
night (8 times during the session with configuration RT9–RTA = 84 m). In Fig. 4.2 we
show the comparison between the predictions and the data for two of the six obser-
ving nights. For each cut, the observed RM of the pulsar agrees with the predictions
within 5%. The only major differences are visible for the first cut during the nights
when the WSRT was observing with the 84 and 96 m configurations.
The total Faraday depth of a source as a function of time (tot(t)) is due to the
time dependent ionospheric Faraday rotation (ion(t)) plus the constant contribution
of the observed source (src):
tot(t) = ion(t) + src : (4.5)
Through equation 4.5 we derive that PSR1937+21 has a RM = +8:19 0:08 rad m 2,
which represents the most accurate determination of the RM of this pulsar to date.
From previous observations at 2 m, where no correction for the ionospheric Faraday
rotation was applied, A.G. de Bruyn found a rotationmeasure for the pulsar of +8:5
0:5 rad m 2. At 350 MHz and after correcting for the rotation due to the ionosphere,
Brentjens (2007) derived a value of RM = +7:86  0:20 rad m 2.
After checking the validity of the model for the polarized calibrator, we com-
puted the expected ionospheric RM variations towards the center of A2255, which is
located in a different area of the sky, and we removed the ionospheric contribution
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Table 4.3: Typical noise levels in each input Q-U image to RM-synthesis at the different wave-











4.2.7 Polarization imaging and RM-cubes
After performing the polarization calibration procedure described in Sects. 4.2.5–
4.2.6, we produced the Q and U images of the target source.
For the 30 background sources observed at 21 cm, we determined the polarization
angle in each sub-band and we plotted it as a function of 2, obtaining the values of
their RM through a linear fit.
For the cluster observations, we made Q and U image cubes and we inspected
them, removing the channel maps affected by residual RFI and/or problems related
to specific telescopes. For the 18 cm, 21 cm, and 25 cmdatasets, a total of 193, 217, and
133 channel images were used for further analysis. At 85 cm we flagged 48 channels
from the available 448. At 2 m we used 1523 images out of the available 1904. Table
4.3 shows the average noise level () for each Q and U channel for each dataset. This
was estimated by subtracting adjacent channel maps. The final images were carried
through for further processing in RM-synthesis. To improve the resolution in RM-
space, as well as the sensitivity, we decided to combine the 18 cm, 21 cm, and 25 cm
datasets, giving 543 channel images as a input to the RM-synthesis.
In the wide range of frequencies of each observation the primary beam width
changes significantly across the band1. The input images to RM-synthesis were not
corrected for the primary beam attenuation. By doing this a constant spatial noise
level across the map was retained.
1The WSRT primary beam is well approximated by G(; r) = cos6(cr), where c is  0:064,  is the
observing frequency in MHz, and r is the radius from the pointing center in degrees.

































Figure 4.2: Comparison between the data and the model predictions for the RM variations
of PSR1937+21 for the nights when the WSRT was observing in the 36 m (top panel) and
96 m (bottom panel) configurations. Along the horizontal axes, the time of the observation
is expressed in Modified Julian Days (MJD) and Hour Angle (HA), going from  90Æ to +90Æ.
Along the vertical axis we plot the rotation measure, which is the sum of the contributions of
the pulsar plus the ionosphere for the data, while it is due to the only ionosphere in the case
of the model. The expected uncertainty in the RM towards the pulsar, based on the TEC RMS
uncertainty published by CODE, is typically 0.07–0.1 rad m 2 for each data point during the
observation.
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4.2.8 RM-synthesis
After imaging, RM-synthesis was applied to the Q and U cubes. This technique de-
rotates the Q-U vectors for each pixel in each channel image, in order to compensate
for a certain assumed rotation measure. After de-rotation, the channel images are
averaged. RM-synthesis maximizes the sensitivity to radiation at the assumed Fara-
day depth, because that emission is added coherently. All other emission will add
only partly coherently, hence the sensitivity to emission not at the assumed Faraday
depth is reduced. RM-synthesis was already mentioned by Burn (1966) and known
by the pulsar community (Mitra et al. 2003; Weisberg et al. 2004), but only recently it
has been applied to large datasets. A full description of how this technique works is
presented by Brentjens & de Bruyn (2005). In the following, we give a short overview.
After computing the complex polarization P = Q + iU, one multiplies it by a
complex phase factor to perform the rotation. Brentjens & de Bruyn (2005) derive
that a general inversion of the polarization as a function of wavelength squared is
given by:















where  is the Faraday depth, defined as
 [rad m] 2 = 812
Z L[kpc]
0
ne [cm 3]Bk [G]  dl ; (4.7)
where B
k
is the magnetic field component along the line of sight (l) and ne is the elec-
tron density. In equation 4.6, F() is the emission as a function of Faraday depth,
R() the rotation measure structure function (RMSF), 0 the wavelength to which all
vectors are de-rotated, andW(2) is the weight function and represents the sensitiv-
ity as a function of wavelength squared.
If the width of a channel is much smaller than the width of the band, the weight
function can be approximated by a sum of Æ functions, and equation 4.6 becomes:
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0 is arbitrary and we chose the wavelength corresponding to the weighted average

2.
When planning a rotation-measure experiment, three main parameters are in-
volved, namely the channel width Æ2, the width of the 2 distribution 2, and
the shortest wavelength squared 2
min
. They determine respectively the maximum
observable Faraday depth, the resolution in Faraday space, and the largest scale in
Faraday space to which the observation is sensitive. Assuming a top hat weight
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Figure 4.3: Absolute value of the RMSF corresponding to the frequency coverage of the ob-
servations: 18 cm +21 cm +25 cm dataset (top left panel), 85 cm dataset (top right panel), and
2 m dataset (bottom panel).
function which is 1 between 2
min
and 2max and zero elsewhere, the estimates of the
FWHM of the main peak of the RMSF, the scale in Faraday space to which the sensi-
tivity has dropped to 50%, and the maximum Faraday depth to which one has more
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Table 4.4: Parameters of the three RM-cubes.
Wavelength range FWHM max scale a jj max jj
b
(m) rad m 2 rad m 2 rad m 2
0.17–0.26  90  109  26000
0.79–0.96  12  5  3200
1.8–2.6  1  1  2700
a Scale in Faraday space to which the sensitivity has dropped to 50%.
b Maximum Faraday depth to which one has more than 50% sensitivity.
In Table 4.4, we list the parameters for the three ranges of wavelengths used for RM-
synthesis. In Fig. 4.3 we show the RMSF of the 18cm+21cm+25cm, 85 cm, and 2 m
datasets.
Due to the sparse sampling in 2, the RM-cubes have sidelobes of the order of
 40%,  15%–20%, and  60% at 2 m, 85 cm, and 18cm+21cm+25cm, respectively.
These sidelobes can be cleaned through a one-dimensional deconvolution, which is
an extension of Ho¨gbom (1974) CLEAN to the complex domain. We used public
available code2 made available by George Heald to perform the deconvolution. The
procedure is as follows:
1. In each spatial pixel, the complex (Q();U()) spectrum is cross-correlated
with the complex RMSF and the location of the peak in Faraday space (m)
is noted;
2. if P(m) is greater than the cutoff defined by the user, then a shifted and scaled
version of the RMSF is subtracted from the complex (Q();U()) spectrum;
3. the complex scaling factor is stored as “clean component”;
4. steps 1–3 are repeated until one reaches the cutoff value, which in our case we
adopted to be 1 ;
5. finally, the clean components are restored with a restoring beam with a speci-
fied FWHM and added to the residual F().
4.3 Results
4.3.1 The 30 background sources
Table 4.5 lists the results of the analysis of the 30 background sources observed
around A2255. Seven out of the 30 sources have a double structure3. In this case,
2The code is available for download at http://www.astron.nl/heald/software.
3Note that the NVSS has a 4500 resolution while the WSRT 21 cm PSF is  1200  1300.
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Table 4.5: Positions and rotationmeasures of the 30 sources observed at 21 cmwithin a radius
of 2Æ from the center of the cluster.
Source RA DEC RM
number (J2000) (J2000) rad m 2
1 16h55m45s 64Æ4400600 42  9
2 16h56m39s 63Æ1605900 13  4
3 16h56m56s 63Æ4402600  15  5
4A, 4B 16h58m43s 62Æ5701600  3  6; 12  6
5A, 5B 16h58m47s 62Æ5505000 2  6; 0  3
6A, 6B 17h00m48s 63Æ0704300  4  3; 11  11
7 17h05m36s 63Æ1905800  7  11
8 17h02m33s 62Æ4501200 11  4
9 17h06m38s 62Æ3902200 12  4
10 17h08m50s 62Æ2704300 30  6
11 17h09m01s 62Æ2503900 12  10
12 17h12m38s 62Æ1802200 54  16
13 17h23m14s 62Æ4102900 30  5
14 17h24m02s 63Æ0601600 47  11
15 17h19m15s 63Æ1000400 30  3
16 17h22m28s 63Æ3200300 47  10
17 17h29m21s 63Æ5405800 17  8
18 17h26m13s 64Æ0703500 39  6
19A, 19B 17h28m23s 64Æ2201800 25  1; 20  4
20A, 20B 17h16m25s 65Æ2902700 34  4; 36  5
21 17h20m38s 65Æ1900900 37  12
22 17h20m04s 65Æ0201600 67  16
23A, 23B 17h14m13s 65Æ0904300 34  7; 47  9
24 17h15m30s 64Æ3904700 38  6
25 17h10m33s 64Æ3000200 18  7
26 17h08m02s 64Æ0402400 35  9
27A,27B 17h06m10s 64Æ3801100 20  9; 10  12
28 17h05m03s 64Æ2400800 18  8
39 17h02m11s 65Æ0100300 18  6
30 17h13m17s 63Æ4801900 63  19
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we computed the RM of each component (labeled A and B in Table 4.5). The his-
togram of the RM values for the 30 sources is presented in Fig. 4.4. In Fig. 4.5 we
show the results. At the location of each source, we plot a circle, whose area is pro-
portional to the RM value of the source. Under the assumption that the RM of the
sources is representative of our Galaxy, we can conclude that in the field of A2255
the Galactic foreground fluctuates on large scales showing values between 0 rad m 2
to +40 rad m 2, going from SW to NE. This is in agreement with the RM depths at
which the Galactic foreground is detected in the RM-cube at 85 cm (see Sect. 4.3.2.2).
Moreover, the RM values of each component of the double sources are in close agree-
ment. This suggests that along these lines of sight our Galaxy does not have fluctua-
tions on scales smaller than 1500. By fitting a Gaussian profile to the RM distribution
of the sources located within a radius of 1Æ from the center of A2255, we conclude
that the Galactic foreground at the location of the cluster has a mean Faraday depth
of approximately +37 rad m 2. In Chapter 5 we will discuss this in more detail.
4.3.2 The RM-cubes
The identification of real astronomical structures and instrumental artifacts in the
RM-cubes is done efficiently by animated scanning through them. The RM-cubes as
well as the original complex polarization images, shows many structures and pat-
terns that have an instrumental origin and are not associated with the real cluster
synchrotron emission. These are a combination of uv-plane and image-plane effects.
Multiplicative errors in the uv-plane result in a convolution with an error pattern in
the image plane. Therefore, the strongest effects are associated with the strongest
sources, although they may extend over a substantial part of the image plane. In
the following sub-sections we present the real features detected in the final RM-
cubes, we discuss their nature, and we investigate the origin of the instrumental
artifacts. It is important to remember that intensity in an RM-cube is expressed in
mJy beam 1 RMSF 1 (Brentjens & de Bruyn 2005).
4.3.2.1 RM-cube at 18+21+25 cm
A total of 543 complex polarization images were used in constructing the RM-cube
in this wavelength range4. Each input image covers a field of view of 1.5Æ 1.5Æ.
A range of Faraday depths from –1000 to +1000 rad m 2 was synthesized, with a
step of 10 rad m 2. The input images to RM-synthesis cover a considerable range
of frequencies, ranging from 1.15 GHz to 1.78 GHz. We brought them to the same
resolution of the 25 cm data by applying a gaussian taper to the data. The RM-cube
has an rms-noise level of 8.5 Jy beam 1. To increase the signal to noise ratio for
the extended low brightness structures, we also made a RM-cube at half resolution
(2800  3000). Its noise is approximately 10 Jy beam 1.
The main instrumental artifacts in this high-frequency RM-cube are related to the
presence of spikes associated with the strongest sources in the field. The effect is best
visible at the location of the Beaver radio galaxy (RA= 17h13m19s, DEC =+63Æ480 1600).
4This cube is available at the URL http://www.astro.rug.nl/pizzo/movies/A2255 18 21 25CM.gif.
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Figure 4.4: Histogram of the RM distribution of the 30 background sources binned in inter-
vals of 12 rad m 2.
The intensity of these spikes rapidly decreases when we move away from the east-
west direction. Their peak intensity is about 30 Jy beam 1 (see Fig. 4.6). Their cause
is still unclear.
As an example of the real astronomical signal detected in the field of A2255 in
this RM-cube, in Fig. 4.7 we show the frame at  = +30 rad m 2. We can distinguish
two main components of polarized signal:
 the signal associated with cluster structures, i.e. radio galaxies and filaments.
This component is better imaged in the full resolution RM-cube and extends
between  200 rad m 2 and +200 rad m 2, with each structure having its own
Faraday depth;
 two large-scale polarized structures (labeled A1 and A2 in Fig. 4.7). The fact
that these components have no counterpart in total intensity favour an asso-
ciation with the Galactic foreground (Wieringa et al. 1993; Gaensler et al. 2001;
Haverkorn et al. 2003; Bernardi et al. 2009). They appear at Faraday depths
between  20 rad m 2 and +80 rad m 2.
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Figure 4.5: The RM of the 30 sources observed within 2Æ from the center of A2255. Each
circle is centered at the location of a source and its area is proportional to the RM value. In
the legend, a scale factor is also shown. The grey circle indicates the X-ray boundaries of the
cluster.
4.3.2.2 RM-cube at 85 cm
The complex polarization images at 85 cm included only baselines longer than 300m.
This made it possible to remove most of the large-scale Galactic polarized emission.
The RM-cube5 was produced by combining 400 complex polarization images, each of
them covering a field of view of 6Æ6Æ. The RM-cube synthesizes a range of Faraday
depths from  400 rad m 2 to +400 rad m 2, with a step of 4 rad m 2. The angular
resolution within the frequency range 310–380 MHz varies by a factor of 1.22. To
obtain an almost frequency independent beam, a gaussian taper was applied to the
data. The RM-cube has a rms noise of 45 Jy beam 1, the lowest achieved at such a
long wavelength to date. However, this level is only reached at the edge of the field
and/or at high RM values (jj > 100 rad m 2), where instrumental artifacts are less
severe.
The main instrumental artifacts in the 85 cm RM-cube are related to the presence
of residual off-axis polarization. Radio emission observed at large distance from
the pointing center of the telescope is generally instrumentally polarized. The com-
5This RM-cube is available at the URL http://www.astro.rug.nl/pizzo/movies/A2255 85CM.gif.
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Figure 4.6: Error pattern at the location of the Beaver radio galaxy in the high frequency RM-
cube at  = +30 rad m 2 (see text). The polarized intensity is in units of mJy beam 1 RMSF 1.
The contour is that of the total intensity 25 cm map and is at 0.1 mJy beam 1 (FWHM =
1400  1500).
ponent that is uniform across the field of view is small (a few %) and is calibrated
away through standard procedures (see Sect. 4.2.5). The instrumental polarization
in parabolic dishes, however, rapidly increases with distance from the optical axis
(e.g. Napier 1999). In the case of the WSRT, the off-axis polarization at 85 cm causes
spurious signals at the location of many strong sources in the field. The small spread
in off-axis polarization levels for the different telescopes in the array also causes the
presence of ring-like patterns.
At  = 0 rad m 2, all contributions add up coherently, thus if the off-axis polarization
would be frequency independent, the response in the RM-cube should rapidly de-
crease at large RM values. However, the WSRT has a strong frequency dependence
with a period of 17 MHz, which causes peaks in the Faraday spectrum at values of
about 42 rad m 2. Fig. 4.8 shows this for a source  2Æ north east of the cluster
center.
Despite the spurious signal, the RM-cube shows bright polarized emission of
astronomical origin. This is mostly detected in the RM range –20 rad m 2
   +50 rad m 2 and is likely due to our Galaxy, since it extends well beyond
the cluster “boundary”, and it has no counterpart in total intensity. It shows two
morphologically distinct components:
 the first one is detected in the range –20 rad m 2    +20 rad m 2, it is elon-
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Figure 4.7: Top panel: polarized intensity (in units of mJy beam 1 RMSF 1) in the field of
A2255 from the high frequency RM-cube (18 cm + 21 cm + 25 cm) at  = +30 rad m 2. Bottom
panel: zoom into the region where the radio filaments are located.
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Figure 4.8: Faraday spectrum of the off-axis source 4C +66.19 extracted from the 85 cm RM-
cube. The flux in in units of mJy beam 1 RMSF 1. The resonances at the value j  j  42 radm 2
are due to the 17 MHz periodicity of the Q and U signals for off-axis sources (see text). RM-
cleaning has been applied.
gated along the north-south direction, and has a polarization angle that varies
mostly on large scales.
 The second one is detected in the range +20 rad m 2    +50 rad m 2, it is
oriented along the NE to SW direction, has a complex structure, and shows
very rapid changes in the polarization angle.
The physical properties of the Galactic foreground as detected in the field of A2255
will be described and analyzed in detail in de Bruyn & Pizzo (2010, Chapter 5).
Although most of the polarized flux in the RM-cube is due to our Galaxy, there
are features that suggest an association with continuum structures belonging to the
cluster. This emission focuses in the southern regions of the cluster and between
declinations +63Æ510 4800 and +63Æ590 3300. To show this, we produced images of the
polarized emission at the location of the cluster as a function of the right ascension
(see Fig. 4.9). The central panel of Fig 4.9 refers to RA = 17 h13m29s. Here we can
distinguish 3 components of polarized emission in the field. Two of them are located
at   0 rad m 2 and at positive Faraday depths respectively (GF1 and GF2) and re-
present the two screens due to our Galaxy. The last one is visible at Faraday depths
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Figure 4.9: The polarized emission in the 85 cm RM-cube in units of mJy beam 1 RMSF 1.
From left to right panel, the situation at decreasing values of right ascension is presented. The
right ascension value is reported in the upper left corner of each panel. At RA = 17h13m29s
three polarized components are detected, nominally the cluster emission (“cluster”) and the
two Galactic Faraday screens (GF1 and GF2). These two components are the only ones de-
tected at the other right ascensions. The emission at location DEC = +64Æ020 4300 and extending
















Figure 4.10: The polarized emission (in units of mJy beam 1 RMSF 1) in the field of A2255 at
85 cm is shown with (left panel) and without (right panel) total intensity contours on top. The
frames refer to a Faraday depth of = –24 rad m 2. The contours are –0.3 (grey), 0.3, 0.6, 1.2,
2.4, 4.8, 9.6, 20, 40, 80, 160 mJy beam 1. The resolution is 5400  6400.
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ranging between –32 rad m 2 and –16 rad m 2 and is detected only at this specific
value of right ascension. This is confirmed by the left and the right panels of Fig. 4.9,
where the situation at right ascensions to the east and to the west of the cluster is
presented.
Inspecting the RM-cube at the Faraday depths at which the cluster component is de-
tected, we note that this is associated with the tail of the Beaver radio galaxy, which
is undetected in total intensity and polarization at higher frequencies. In Fig. 4.10 we
plot the polarized emission at  =  24 rad m 2 as an example. Given its characteris-
tics, this signal is real and not due to instrumental artifacts, which mainly show up
at  = 0 rad m 2 and are mostly associated with point sources. Additional significant
polarized flux is visible in this frame at the location of the Double and the TRG radio
galaxies. This emission extends over a wide range of Faraday depths, which is in
agreement with the high frequency polarimetric results for these radio galaxies (see
Sect. 4.4.8). Polarized emission is also detected at the location of the Embryo radio
galaxy at   +32 rad m 2, the same Faraday depth at which this radio galaxy is
detected in the high-frequency RM-cube (see Sect. 4.4.8).
4.3.2.3 RM-cube at 2 m
The RM-cube6 at 2 m has been produced by adding 1523 complex polarization ima-
ges, which cover a field of view of 3.5Æ  3:5Æ. The RM-cube synthesizes a range of
Faraday depths from –100 radm 2 to +100 radm 2, with a step of 0.5 radm 2. Within
the frequency range 115–175 MHz the beam sizes vary by a factor of 1.5, hence the
data have been tapered to obtain an almost frequency independent beam. The final
rms noise level in the RM-cube should be  0:7 mJy beam 1. However, the presence
of significant residual secondary lobes associated with Cas A and Cyg A results in a
higher noise level in the final cube (  1 mJy beam 1). Although these sources were
subtracted during the imaging, their residual contribution is still present, due to the
difficulty to model their flux density and morphology. In the 2 m RM-cube, there is
no evidence of any polarized signal associated with A2255 nor from our Galaxy.
4.4 The radio galaxies and the filaments
In the following sub-sections, we review the properties of the six radiogalaxies to
which we limited our analysis and of the filaments, reporting their polarization per-
centages. The Sidekick radio galaxy was left out of the analysis because of its small
linear size. The polarization properties of the radio sources at 18, 21, and 25 cm are
summarized in Table 4.6. The data at 85 cm and 2mwere excluded because of strong
Galactic foreground emission (85 cm) or non-detection of the sources of interest in
polarization (2 m).
The polarized surface brightness of the sources was estimated by integration over
all the Faraday depths in which they are detected in the RM-cube. The result was
then corrected for the RM-cube noise level. The analytical expression of this proce-
6This RM-cube is available at the URL http://www.astro.rug.nl/pizzo/movies/A2255 2M.gif.
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Table 4.6: Fractional polarization (m) and depolarization (DP) for the radio galaxies and the
filaments.
Source m18cm








Double 2.4 1.8 1.6 0.8 0.9 0.7
Goldfish 3.7 2.2 1.6 0.6 0.7 0.4
TRG 2.1 2.0 1.4 1 0.7 0.7
Bean - 18 17 - 0.9 -
Embryo 17 19.5 19 1.1 1 1.1
Beaver 16.1 13.3 11.4 0.8 0.9 0.7
F1 29.9 27.6 21.0 0.9 0.8 0.7
F2 41.3 37.8 37.0 0.9 1 0.9
F3 44.0 39.4 39.4 0.9 1 0.9
a m is defined as the ratio between the polarized and the total
intensity flux.







dure is given by:











where B is the area under the restoring beam of the RM-CLEAN divided
by  =j i+1   i j and 
p

2 is the average value of the ricean noise distribution of
jj F() jj (Brentjens 2007).
Since we do not correct for the off–axis instrumental polarization, we expect that the
measured polarization percentages are more affected by instrumental polarization
for the sources further away from the field center.
4.4.1 The Double
This radio galaxy has a double structure and a total extent of 6300 (95 kpc). Feretti
et al. (1997a) noted that the Double lies exactly in the merger region of A2255, sug-
gesting that the lack of distortion in the morphology could be related to the fact that
it is a young source triggered by the merger. This radio galaxy is polarized at 2.4%
level at 18 cm, at 1.8% level at 21 cm, and at 1.6% level at 25 cm.
126
chapter 4: Deep multi-frequency rotation measure tomography of the
galaxy cluster A2255
4.4.2 The Goldfish
This NAT radio galaxy is located in projection near the cluster center. From the
nucleus two jets extend towards the south-west, giving rise to a tail with an angular
extent of  17400 (261 kpc). The tail bends to the south at a distance of 4200 (63 kpc)
from the head and then towards south-east at a distance of 12000 (180 kpc). In the
high frequency RM-cube, only the nucleus of the source is polarized at a level of
3.7%, 2.2%, and 1.6% at 18, 21, and 25 cm, respectively.
4.4.3 The original TRG
This radio galaxy has a NAT morphology, with a tail extent of  20600 (300 kpc).
Starting from the head, the tail is directed towards the cluster center and after 10900
(160 kpc) it bends towards north. The source is polarized at 2.1%, 2.0%, and 1.4% at
18, 21, and 25 cm, respectively.
4.4.4 The Bean
This radio galaxy lies at 3.5 Mpc from the center of A2255. Given its peripheral loca-
tion, no detailed studies of this source are present in the literature. The Bean shows
a tailed morphology, but it is not clear whether it should be classified as a NAT or
a WAT (wide angle tail, Rudnick & Owen 1976), given its apparent inclination with
respect to the line of sight. Its maximum angular extent is  7800 (110 kpc) and it
is polarized at 17% and 17% at 21 and 25 cm, respectively. These values are signifi-
cantly higher than those of the other extended radio galaxies of A2255. Point sources
(expected to be instrumentally polarized) lying at approximately the same projected
distance from the cluster center show a much smaller fractional polarization. There-
fore, we conclude that the computed fractional polarization of the Bean should be
mostly intrinsic and not instrumental. Since this source lies outside the field of view
at 18 cm, it is not possible to give an estimate of its fractional polarization at this
wavelength.
4.4.5 The Embryo
The Embryo lies at  1:6 Mpc from the cluster center and has a WATmorphology. Its
angular extent is  40 (360 kpc) at 25 cm. Twin jets originate from the core and extend
to the north-east and south-west. The former bends towards the cluster center at a
distance of  4000 from the head, while the latter remains straight. This source is
polarized at a 17%, 19.5%, and 19% at 18, 21, and 25 cm, respectively.
4.4.6 The Beaver
The Beaver radio galaxy lies at  1:6 Mpc from the cluster center and has a NAT
morphology. Its size dramatically changes between high and low frequency. A
recent study of this radio galaxy in total intensity (Pizzo & de Bruyn 2009, Chap-
ter 3) shows that the tail increases its length to almost 1 Mpc between 25 cm and
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85 cm. This suggests very steep spectral index values for the ending part of the tail
(85cm
25cm
<  2:2  0:2 and 2m
85cm
<  3:3  0:2 , S() / ), where the relativistic electrons
have suffered large energy losses after their ejection from the parent galaxy. At 25 cm
the total extent of the Beaver is  24000 (360 kpc) and it is polarized at 16.1%, 13.3%,
and 11.4% at 18, 21, and 25 cm respectively.
4.4.7 The filaments
In our high frequency observations, the three filaments are clearly detected both
in total intensity and polarization. In the following, we will refer to them using
the convention adopted in Fig. 1 in Govoni et al. (2005). They lie near the cluster
center and are located at the edges of the halo, which has therefore an uncommon
rectangular shape. Between 18 cm and 25 cm, their morphology and size do not
change. The angular extent of F1, F2, and F3 is 32300 (485 kpc), 33000 (500 kpc), and
37000 (550 kpc), respectively. Their fractional polarization ranges between 20%–40%
(see Table 4.6).
4.4.8 Rotation measure structure
To obtain the rotation measure maps of the radio galaxies and the filaments we pro-
duced masks of the sources from the total intensity image and we applied them to
the high frequency RM-cube (18 cm + 21 cm + 25 cm). To increase the signal to noise
ratio for the weakest structures, for the analysis we decided to use the RM-cube at
half-resolution.
The RM value for each pixel within a source was obtained by fitting a Gaus-
sian profile to the observed RM distribution. For the brightest sources in the field
(Double, Goldfish, and TRG) the instrumental polarization is higher than the ther-
mal noise. For the Double radio galaxy, for example, the instrumental polarization
is  80   90 Jy. Therefore, as detection limit we have chosen 100 Jy (10) for these
sources, while 50 Jy (5) for the others.
The Faraday spectra of the radio galaxies and the filaments have different le-
vels of complexity. We show this property in Fig. 4.11. In each panel we present
the total intensity image of one radio galaxy, including a few examples of Faraday
spectra extracted at the specified positions (A and B). The profiles in Faraday space
along one direction within the source are also given. From this image it is evident
that the sources which lie in projection nearby the cluster center (Double, TRG, and
Goldfish) have Faraday spectra characterized by the presence of one main peak at a
specific Faraday depth, plus significant secondary peaks (above 5) at different Fara-
day depths. This property reflects on the complexity of the RM distributions of these
radio galaxies, which are characterized by a complex and non-gaussian profile (see
Fig. 4.12). On the other hand, the radio galaxies which lie at large projected distance
from the cluster center (Bean, Embryo, and Beaver in Fig. 4.11) and the radio fila-
ments (see Fig. 4.13) show Faraday spectra with only one significant peak. For this
reason the RM images could be produced only for the three external radio galaxies
and for the 3 filaments.
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Figure 4.11: Polarimetric properties of the six radio galaxies belonging to A2255 derived from
the high frequency RM-cube. The panels are labeled with the source name and show the 25 cm
total intensity contourmap plus one or two Faraday spectra extracted at the specified locations
(A and B). The arrow passing through each radio galaxy represents the direction along which
we extracted the profile of the polarized emission through the RM-cube, presented in the right
area of each panel. Here, the polarized intensity is in units of mJy beam 1 RMSF 1. The dotted
line in the Faraday spectra is at  = 0 rad m 2. The resolution of the total intensity map is 1400
1500 and the contours are at 0.1, 0.2, 0.4, 0.8, 1.6, 3.2, 6.4, 12, 24, 48 mJy beam 1.
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Figure 4.12: RM distributions of the central radio galaxies of A2255.
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Figure 4.13: Total intensity map of the filaments of A2255 at 25 cm. The arrow passing
through each filament represents the direction along which the profile of the polarized emis-
sion (in units of mJy beam 1 RMSF 1) though the RM-cube was extracted. These three profiles
are reported in the next page in panels F1, F2, and F3 respectively, together with a couple of
examples of Faraday spectra extracted at the locations specified in the total intensity map (A,
B, C, D, E, and F). The dotted line is at  = 0 rad m 2. The total intensity map has a resolution
of 1400 1500 and the contours are at 0.05, 0.1, 0.2, 0.4, 0.8, 1.6, 3.2, 6.4, 12, 24 mJy beam 1.
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Figure 4.13: Continued.
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Table 4.7: Parameters of the RM-distributions for the external radio galaxies and for the
filaments.
Name jRMmaxj < RM > RM Dist
rad m 2 rad m 2 rad m 2 r/rc
F1 52 24 9 0.7
F2 47 14 13 1.2
F3 70 25 15 1.5
Embryo 47 25 9 3.1
Beaver 74 37 13 4.1
Bean 40 19 11 7.5
Figure 4.14 presents the results. The RM images have a resolution of 2800  3000.
Besides them, we plot the histograms of the RM distribution of the relative source.
Table 4.7 lists the mean <RM> value, RM, and the maximum absolute value of the
RM distributions. The radio galaxies and the filaments have similar values of the
average RM (<RM> +20 rad m 2), with a small RM ( 10 rad m
 2). These values
are typical of radio sources lying at large projected distance from the cluster center
(Clarke et al. 2001).
4.5 Discussion
4.5.1 The radio galaxies
The RM of extragalactic radio sources can be considered as the sum of the contribu-
tions of three different regions, namely internal to the source itself, our Galaxy, and
the ICM.
The contribution local to the source appears generally small, based on the following
arguments:
 observations of the Laing-Garrington effect, where one observes a different
depolarization for the radio lobes of radio galaxies, with the lobe more distant
from the observer being more depolarized (Laing 1988; Garrington et al. 1988,
1991);
 the radial trend observed in statistical Faraday studies (Clarke 2004), where
point sources observed at large impact parameters from the cluster center have
small RM values;
 the results of gradient alignment statistics (Enlin et al. 2003), which suggest
































Figure 4.14: Images of the rotation measure and histograms of the RM distribution of the
external radio galaxies and of the filaments, obtained from the RM-cube at high frequency.
The images have a resolution of 2800 3000. The contours are drawn from the 25 cm map and
are at 0.1 mJy beam 1.
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of extended cluster radio galaxies and their RM maps.
Typical values for the Galactic contribution to the observed RM amount to a few
hundred rad m 2 at low galactic latitude and of a few rad m 2 above a Galactic
latitude of  20Æ (Simard-Normandin et al. 1981; Taylor et al. 2009). Therefore, for
extragalactic objects at high Galactic latitude, the main contribution to the observed
Faraday rotation is represented by the intracluster magnetic field. Since the RM of
a source depends on the magnetic field and the electron density along the line of
sight (see equation 4.7), the RM distribution of cluster radio sources is important to
derive information on the magneto-ionic properties of the external medium. If, in
the simplest case, this is characterized by a magnetic field which is tangled within
cells of uniform size and it has the same strength and random orientation within
them, the observed RM along any given line of sight is represented by a random
walk process, and the distribution of RM results in a gaussian with zero mean and
the dispersion related to the number of cells along the line of sight.
Several studies of the RM distribution of extended radio galaxies in clusters have
pointed out that there is a significant trend between the observed RM distribution
and the projected distance of the source from the cluster center (Feretti et al. 1999;
Taylor et al. 2001; Govoni et al. 2001c): the smaller the projected distance from the
core, the higher RM and<RM>. This result suggests that the external Faraday screen
for all the sources is due to the ICM of the cluster, which modifies the polarized ra-
dio signal depending on how much magneto-ionized medium it crosses. It is worth
noting that the RM observed towards cluster radio galaxies may not be entirely re-
presentative of the cluster magnetic field if the RM is locally enhanced by the com-
pression of the ICM due to the motion of the source through it. However, as noted
before, this hypothesis is ruled out because Clarke (2004) showed that the RM dis-
tribution of point sources seen at different impact parameters from the cluster center
has a broadening towards the center of the cluster. This result reveals that most of
the RM contribution comes from the ICM.
Govoni et al. (2006) studied the intracluster magnetic field of A2255 by means
of high frequency (1.4 GHz) VLA observations of three radio galaxies belonging to
the cluster, i.e., the Double, the Original TRG, and the Beaver. The central sources
(the Original TRG and the Double) show the highest RM and <RM> of the sam-
ple, while the peripheral radio galaxy (the Beaver) shows a small value of <RM>
(= +36 rad m 2) and a comparable dispersion (RM = 42 rad m
 2). Our observations
confirm the result for the Beaver and extend the analysis to other peripheral radio
galaxies (Embryo and Bean), which also show small <RM> and RM. By combining
our results with those of Govoni et al. (2006), it is evident that also in the case of
A2255 the external screen is caused by the ICM. Its effect on the radio galaxy RM
distributions as well as on the complexity of the Faraday spectra of the radio gala-
xies in clearly visible. Sources at different projected distances from the cluster center
show different levels of complexity of the Faraday spectra, with the radio galaxies
in the outermost cluster regions (Bean, Beaver, and Embryo) having spectra charac-
terized by mainly one peak. On the other hand, the radio galaxies located in the
central areas of the cluster show complex Faraday spectra, which are characterized
by the presence of multiple peaks. Since the co-location along the line of sight of
multiple Faraday regions produces Faraday spectra with multiple peaks (Brentjens
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& de Bruyn 2005), we conclude that the radio galaxies showing the most complex
spectra are likely to be located deep inside the ICM or behind the cluster.
These results show that the RMdistributions and the complexity of the Faraday spec-
tra are important tools in revealing the 3-dimensional location of radio sources in
clusters.
4.5.2 The Beaver radio galaxy
In the 85 cm RM-cube the tail of the Beaver radio galaxy is detected between
–32 rad m 2 <  <–16 rad m 2. On the other hand, the head and the initial part
of the tail of the source are detected in the high frequency RM-cube at a Faraday
depth of  +37 rad m 2, at which, in the 85 cm RM-cube, the emission is mainly
due to the Galactic foreground. We produced an RM map of the Beaver by com-
bining the RM map of the head and the initial part of the tail, as detected in the
high-frequency RM-cube (shown in Fig. 4.14), and the RM map of the tail obtained
from the 85 cm RM-cube. The latter has been produced considering only the frames
corresponding to Faraday depths ranging between –32 rad m 2 and –16 rad m 2 and
using 5 (220 Jy) as detection limit. The image is presented in Fig. 4.15.
The clear gradient between head and tail can give important constrains on the pos-
sible location of these two structures within A2255. It is worth noting that the head
and the initial part of the tail show RM values which are similar to those of the
Galactic foreground at the location of A2255 (see Sect. 4.3.1). This suggests that the
head of the Beaver is located in the outskirts of the cluster and, in particular, in the
foreground of A2255, where only a small portion of ICM is crossed by the radio sig-
nal before reaching the observer. The fact that the tail appears at negative Faraday
depths implies, instead, that it should be located deeper in the ICM. Therefore, the
Beaver could not lie in the plane of the sky, but with the tail pointing towards the
central radio halo, possibly connecting with it. This interpretation is supported by
the common spectral index values found for the end of the tail and the southern re-
gion of the halo (Pizzo & de Bruyn 2009, Chapter 3). The sketch in Fig. 4.16 illustrates
this situation.
4.5.3 The filaments
Our polarimetric data confirm the strong polarization of the filaments and add im-
portant information that can help to explain their nature. The filaments show similar
polarimetric properties as those found for the external radio galaxies of A2255, i.e.
the Embryo, the Beaver, and the Bean. Their RM distributions are characterized
by small values of RM and <RM>, with Faraday spectra showing only one peak.
Following the interpretation given for the radio galaxies (see Sect. 4.5.1), these re-
sults suggest that the filaments are not located deep in the ICM, but at the periphery
of the cluster. Moreover, given their high polarization levels and their small spa-
tial variance in RM (see Fig. 4.14), we conclude that they should be located in the
foreground of the cluster and not in the background. This is compatible with the
polarization of the Galactic foreground as detected in regions A1 and A2 in the high-
frequency RM-cube (Fig. 4.7). The RM distribution and the complexity of the spectra
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Figure 4.15: RM image of the Beaver radio galaxy obtained by combining the information
extracted from the high-frequency RM-cube for the head and from the low-frequency RM-
cube for the tail. The contour is that of the 85 cm total intensity map (FWHM = 5400 6400) and
is at 1 mJy beam 1.
for regions A1 and A2 are similar to those of the Bean (the most external radio galaxy
belonging to A2255) and of the filaments. This indicates that most of the contribu-
tion to the Faraday depth of these structures comes from our Galaxy and suggests
that the filaments should lie at large distance from the cluster center. The observed
central location of the filaments, therefore, should be considered as due to a projec-
tion effect. On the basis of the elongated shape and the high degree of linear polarization of
the filaments, we therefore argue that they are relics rather than part of a genuine radio halo.
4.5.4 The depolarization of the filaments
At 85 cm and at 2 m we do not detect any polarized emission associated with the
radio filaments. At the Faraday depths at which the filaments are detected in the








φ ~ +37 rad m-2
 φhead ~ 0 rad m-2
φtail ~ -61 rad m-2 φtail ~ -24 rad m-2






Figure 4.16: Possible 3-dimensional location of the Beaver radio galaxy within A2255. The
grey-scale for the ICM represents an increasing electron density of the plasma towards the





the head and the tail appear in the RM-cubes.
A2255 in the 85 cm RM-cube is dominated by the Galactic foreground. This makes it
difficult to set a sensitive limit to their polarized emission. As a conservative limit,
we consider the polarized flux at the location of these sources at the Faraday depth
at which they are detected in the high-frequency RM-cube. This results in a frac-
tional polarization lower than 7.5%. At 2 m, no polarized emission associated with
the cluster nor the Galactic foreground is detected in the RM-cube. Therefore, in this
case, we can only set an upper limit to the polarization of the filaments by consider-
ing 5 times the noise of the RM-cube itself. At the location of these structures, this
corresponds to a fractional polarization of 0.6%.
To compare the polarized emission of the filaments at the different frequencies,
we smoothed the 21 cm data to the 85 cm angular resolution. In the comparison
we did not include the 2 m data because their resolution is too low. By tapering the
21 cm data to 10 resolution, we see that the polarization of the filaments decreases
from more than 30% to 14%. The expected polarization of the filaments at 85 cm
should be well above the noise of the RM-cube at this wavelength. Therefore, we
conclude that structure in themagnetic field within these sources cannot be the cause
of the decrease of their fractional polarization. The observed depolarization can be
due to a variety of effects. We will discuss them in term in the following sections.
4.5.5 Internal depolarization?
Burn (1966) studied in detail the case in which the depolarization takes place within
a radio source (internal depolarization). In this situation, it is possible to determine
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Figure 4.17: Fractional polarization of the radio filaments. The points at 85 and 200 cm are
upper limits (see text). The 21 cm value was computed at the same resolution of the 85 cm
observations. Given the low resolution of the 2 m observations, the measurement at 150 MHz
was not taken into account during the discussion. The horizontal bars indicate the 2 coverage
of the observations. The sinc function corresponds to a Burn slab of Faraday thickness of
4 rad m 2, normalized to the 21 cm fractional polarization (14%) at the 85 cm resolution.
the Faraday thickness, or extent in Faraday depth, of the filaments. If the filaments
have a uniform electron density and magnetic field, their structure in Faraday space
can be estimated by a slab model (Burn 1966), which gives rise to the sinc function
displayed in Fig. 4.17. Our data are in agreement with a Faraday thickness of the
filaments larger than 4 rad m 2.
With this result and with appropriate assumptions, it is possible to derive an
upper limit for the physical distance of the filaments from the cluster center. The
observed  of these structures depends on the electron density and on the magnetic
field along the line of sight through equation 4.7. In the following discussion we will
assume that the filaments have the same electron density and magnetic field as the
ICM at their location. However, it is worth noting that most filaments are probably
related to the relics/ghosts studied by Enlin & Gopal-Krishna (2001) and might
have much lower thermal densities than the external cluster plasma.
The ICM electron density at a radial distance r from the cluster X-ray centroid is
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where rc is the core radius and n0 is the central electron density of the cluster. The
gas density distribution of A2255 was derived by Feretti et al. (1997a) and rescaled
to our cosmology (rc = 432 kpc, n0 = 2.05  10
 3 cm 3,  = 0.74).
Govoni et al. (2006) found that the magnetic field of A2255 decreases from the cluster
center to the periphery according to:










where < B >0 is the mean magnetic field at the cluster center (2.5 G) and  =
=2 = 0:37 (Govoni et al. 2006).

































where  is the adopted Faraday thickness of the filaments (4 rad m 2), rmin is their
minimum distance from the cluster center, and r is their physical depth. In the
following analysis we will assume  = 2=3  0:67. Motivated by the discussion in
Sect. 4.5.3, we will assume R = r=rc >> 1, i.e the filaments are located far away from
the cluster center. For example, at 3.5 Mpc distance (r=rc  8), this assumption gives
an error which is less than 10%.
Equation 4.14 then becomes



















In Fig. 4.18 we plot the distance of the filaments from the cluster center as a function
of their physical thickness. If we shape these structures as cylinders and we assume
that their thickness (i.e. their width) is R = 0:4 ( 180 kpc, Govoni et al. 2005), we
obtain that they should lie within approximately 6 core radii ( 2:6 Mpc) from the
cluster center to be internally depolarized.
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Figure 4.18: Distance of the filaments from the cluster center (rmin) as a function of their
physical depth (r) on the assumption that their Faraday thickness is larger than 4 rad m 2.
4.5.6 External depolarization?
Tribble (1991) studied the case in which the depolarization is due to a medium ex-
ternal to the radio source (external depolarization). This could be the ICM, in which
the filaments have expanded, creating a cavity. Examples of such cavities have been
found in several clusters (see e.g. Bıˆrzan et al. 2004; Fabian et al. 2006). To date,
they have not been detected in A2255, but X-ray observations with a much higher
sensitivity than that provided by the current X-ray satellites are needed to detect
them. In the following, we will assume the ICM to be uniformly stratified in terms
of electron density and magnetic field. Depolarization is produced only if different
regions of the filaments lie at different depths in the ICM along the line of sight (see
Fig. 4.19). The different remaining path lengths through the cluster for the different
parts of the filaments will be sufficiently different to create a gradient in Faraday
depth. In fact, our 21 cm RM-images of the filaments reveal the presence of a gra-
dient of  5 rad m 2 arcmin 1 in them. In this scenario, we can still apply equation
4.15 to compute the upper limit for the distance of these sources from the cluster
center. The physical depth of the filaments along the line of sight which produces
the RM gradient is R=0.2 (90 kpc), corresponding to 10 resolution. In this case, we
obtain that the filaments should lie within 4.5 core radii ( 1:9 Mpc) from the cluster
center to be depolarized.
Alternatively, the external depolarization could be due to an external non-uniform
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Figure 4.19: View from the top of the filaments region. The filaments create a cavity in
the ICM. Depolarization is produced only if different regions of the filaments lie at differ-
ent depths in the ICM along the line of sight (see text). We assume that the filaments are tilted
by an angle of 45Æ with respect to the plane of the sky. The grey-scale represents the increasing
electron density and magnetic field strength towards the cluster center.
Faraday rotating screen. At least two Faraday screens are likely to be present be-
tween us and the filaments: one or more in the Galactic foreground and one located
at the cluster outskirts. In this case, we expect that the observed depolarization of
the filaments is produced by the inhomogeneities of the foreground screen on scales
smaller than the observing beam. This effect can easily depolarize the signal be-
tween 21 cm and 85 cm, because fluctuations of the order of just 5 rad m 2 arcmin 1
in the foreground screen create a rotation of the polarization angle of  200Æ between
these two frequencies. The recent results of Taylor et al. (2009) and de Bruyn & Pizzo
(2010, Chapter 5) suggest that our Galaxy does not have such RM fluctuations at the
Galactic location of A2255. This implies that a Faraday screen located at the cluster
outskirts could be responsible for the observed depolarization. To test this, higher
resolution low frequency observations are needed.
4.6 Summary and conclusions
We presented WSRT observations of the galaxy cluster Abell 2255 at 18, 21, 25, 85,
and 200 cm. These were aimed at investigating the polarimetric properties of the
cluster radio galaxies and the uncommon high polarization of the three radio fila-
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ments at the border of the central halo. Using RM-synthesis, we produced RM-cubes
at the various wavelengths. The high-frequency RM-cube, obtained by combining
the 18, 21, and 25 cm datasets, confirms that both the cluster radio galaxies and the
filaments are polarized. We have now also determined the RM of the filaments. The
RM-cube at 85 cm is dominated by the polarized emission associated with our Ga-
laxy. However, there are several features in it that argue for an association with
continuum structures belonging to the cluster. The RM-cube at 2 m, which has been
produced after correcting the data for the ionospheric Faraday rotation, does not
show any polarized emission associated with A2255.
Our polarimetric results at high frequency indicate that the cluster radio gala-
xies located at large projected distance from the cluster center have the smallest RM
and < RM >. The radial decrease in the < RM >, approaching the value of about
+30 rad m 2 (that is due to our Galaxy and also seen in the background sources), we
attribute to the ICM of A2255. The radio galaxies lying at small projected distance
from the cluster center should either be physically confined within the central re-
gions of the cluster or lie in the background. The radio galaxies located in projection
at large distance from the cluster center, on the other hand, obviously lie in the outer
regions of the cluster. The same conclusions can be drawn by considering the trend
of complexity of the Faraday spectra of the radio galaxies with increasing projected
distance from the cluster center: the sources near the cluster center are characteri-
zed by complex Faraday spectra, showing multiple peaks, while the external radio
galaxies have Faraday spectra with only one peak.
The radio filaments of A2255 show RM distributions (< RM > +20 rad m 2,
RM  10 radm
 2) and Faraday spectra similar to those of the external radio galaxies.
This favours the interpretation that these structures are not physically located in the
central regions of the cluster, but lie at the periphery. Their elongated shape and high
level of fractional polarization at high frequency suggest that they are relics rather
than part of the halo. Their small RM-variance and Faraday depth are similar to
those of the external radio galaxies and of the Galactic foreground at the location of
the cluster. Therefore they are likely to be located in the foreground of the cluster
and not in the background.
The filaments could be associated to merger shocks deriving from the past merger
activity of the cluster. However, it is worth noting that the information provided
by their depolarization and RM distributions suggest that the filaments should lie
at large distance from the cluster center, where shocks due to the LSS formation
could also take place (Miniati 2003; Keshet et al. 2003). The fact that the filaments are
organized in a sort of “net” or “web” (Pizzo et al. 2008, Chapter 2) also suggests that
they could be relics associated with LSS-shocks.
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The Galactic foreground in the
direction of A2255
—A. G. de Bruyn & R. F. Pizzo —
Abstract
Aims. The goal of this work is to understand the very complex linear po-
larization of the Galactic foreground in the direction of the cluster A2255.
Methods. We use RM-synthesis to unravel the patterns of polarized emis-
sion caused by structures in our Galaxy and describe a simple cartoon
model to interpret the results.
Results. Polarized emission has been detected over a very wide range of
Faraday depths, from about –4 to +44 rad m 2. At least three distinct pat-
terns have been identified at Faraday depths of approximately +2, +12,
and +28 rad m 2. The third pattern, however, shows a large gradient
across the field of view with values from +12 to +44 rad m 2. Based on
the observed patterns, we suggest that the polarization emitting medium
has both sheet, cloud, as well as filamentary morphological structures. A
simple physical model is proposed with multiple regions of synchrotron
emission, where the polarized signals are built up, separated by Fara-
day rotating regions (screens) that create the imprint at specific Faraday
depths. Discrete background sources have a RM close to the highest Fara-
day depths where diffuse Galactic emission has been detected.
Conclusions. From the similarity between the Faraday depth of the fila-
mentary diffuse Galactic emission and the RM of distant discrete back-
ground sources we conclude that the filamentary region at high Fara-
day depths (  +28 rad m 2) is the most distant structure, and that we
have reached the edge of the Galaxy in both Faraday depth and in po-
larized synchrotron emission. The sheet-like pattern at Faraday depth
+2 rad m 2 is the nearest structure. From the sign of the Faraday depth
of the various structures we deduce that the magnetic field in this direc-
tion (l = 94Æ, b = +35Æ) is directed towards us. This is opposite to the
In preparation for publication in Astronomy & Astrophysics.
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magnetic field direction within the Galactic plane in this direction. We
note a close spatial correspondence between the filamentary pattern and
Loop III, a spur in the Galactic foreground synchrotron emission. If the
distance of Loop III, believed to be an old SNR, is only 150 pc, then a si-
gnificant fraction of the observed polarization is produced within a few
hundred pc from the Sun. Understanding the Faraday-depth structure
of the Galactic foreground polarization is crucial for a proper interpreta-
tion of low-frequency polarization emitted by diffuse extragalactic radio
sources such as clusters, extended radio galaxies, and the cosmic web.
5.1 Introduction
In Chapter 4 of this thesis we have described the linear polarization structures ob-
served in the field containing the cluster A2255. We have done this analysis using
so called RM-cubes produced by RM synthesis (Brentjens & de Bruyn 2005). An
RM-cube contains the 2-dimensional spatial distribution of polarized emission in a
serious of planes, or frames, with the third dimension being Faraday depth. Faraday
depth can only be mapped into physical depth if we have independent information
on the properties of the magneto-ionic medium, and in particular the sign of the
magnetic field along the line of sight.
In our study of A2255 we have synthesized RM-cubes in three distinct wave-
length regimes. Henceforth we will refer to them as the 21 cm RM-cube, the 85 cm
RM-cube and the 2 m RM-cube. The 21 cm RM-cube is dominated by polarized
emission from discrete and diffuse radio sources in the cluster; it only shows some
faint traces of Galactic foreground polarized emission. This is largely due to the rela-
tively poor surface brightness sensitivity at 21 cm. The 85 cm RM-cube, on the other
hand, is filled with intense and widespread Galactic foreground emission, covering
the whole primary beam. However, at the location of several radio sources of A2255,
polarized emission at restricted Faraday depths has been detected. In the 2 m RM-
cube no polarized emission could be convincingly detected from the cluster nor from
the Galactic foreground.
As discussed in Chapter 4, it has been far from trivial to separate the weak po-
larized signals originating in the cluster from the strong Galactic foreground polari-
zation in the 85 cm RM-cube. That this was possible at all is only because of their
separation in ’Faraday-space’.
In this Chapter we analyze the Galactic foreground polarization signals in more
detail. This analysis, although highly interesting in its own right, belongs in this
thesis on the radio emission from clusters of galaxies. This is because Galactic po-
larization will continue to be a serious contaminant in many future high sensitivity
studies of the polarized extragalactic sky at low frequencies, with LOFAR, e-VLA,
WSRT, GMRT, or the SKA. It is also a serious contaminant for study of the polarized
component of the CMB (e.g. Page et al. 2007).
The best opportunity to study the polarization from the outer parts of clusters, in-
cluding emission from LSS-shocks and the cosmic web, is when their Faraday depth
is distinctly different from that of the bulk of the polarized emission from our Galaxy.
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We return to this question in the discussion.
The analysis and discussion of the data still has a preliminary nature and has not
yet been fully concluded at the time that the thesis went to press. However, we have
already been able to reach some interesting conclusions. The completed analysis will
appear in the near future (de Bruyn & Pizzo 2010).
This Chapter is organized as follows. In Sect. 5.2 we present the 85 cm RM-cube
and we discuss the instrumental and astronomical signal in it. In Sect. 5.3 we present
a simple physical model of the structure of our Galaxy towards A2255. We introduce
synchrotron emitting regions as well as Faraday rotating screens along the line of
sight, arguing for their relative and absolute distance from the Sun. We summarize
and conclude our work in Sect. 5.4.
5.2 The 85 cm RM-cube: structure in Faraday space
The 85 cm RM-cube towards A2255 is the deepest low-frequency RM-cube ever
made. For a description of the data, their calibration, and the production of the RM-
cube, we refer to Pizzo et al. (2009a, Chapter 4). The angular resolution of the images
is 54006400. The resolution in Faraday space, the Rotation Measure Spread Function
or RMSF, is 12.5 rad m 2 at half-power width. However, significant changes already
occur at one-third this resolution as shown in Fig. 5.1, where we display three panels
of the full field images of the polarized intensity (PI) in steps of 4 rad m 2, going
from  8 rad m 2 to +52 rad m 2. Significant signals were detected at Faraday depths
from –4 to +44 rad m 2. The images at -8, +48, and +52 rad m 2 are included to give
an idea of the noise levels and instrumental artifacts when no celestial signals are
present. The noise in the Stokes Q and U images is about 43 Jy beam 1 RMSF 1. In
PI we find a mean noise value of about 60 Jy beam 1 RMSF 1, which is the expected
polarization bias (Wardle & Kronberg 1974) for very low signal-to-noise polarization
images. We have not corrected the images for this bias. The rms noise deviation on
this Ricean-bias in PI is about 35 Jy beam 1 RMSF 1.
Because polarized radiation is a vector quantity, the intensity only contains part
of the astrophysical information. The polarization images, however, have generally
low signal-to-noise ratio per resolution element. It is therefore not useful to display
the images of polarization angle because, especially at the higher Faraday depths,
they mostly show chaotic patterns in which it is difficult to distinguish noise from
signal. Instead, we show the corresponding images of one of the two Stokes pa-
rameters. Fig. 5.2 shows the same 16 frames as shown in Fig.5.1 for Stokes Q; we
could also have shown Stokes U, but they basically convey the same morphological
information. Because of the large number of resolution elements in these images, we
also show an enlarged version of the Stokes Q frames in Fig. 5.3. Scanning and com-
paring the 16 polarized intensity and Stokes Q frames reveals several remarkable
properties. This is best done in an animated display1.
Before we discuss the more interesting astrophysical properties in detail, we will
guide the reader through some basic features and facts exhibited in the various pa-
1The PI, Q, and U cubes are available at the URL:
www.astro.rug.nl/pizzo/movies/A2255 85CM NOCUT PI.gif., .. Q.gif, and .. U.gif.
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φ = -8 rad m-2 φ = -4 rad m-2
φ = 0 rad m-2 φ = +4 rad m-2
φ = +8 rad m-2 φ = +12 rad m-2
Figure 5.1: Panel of full field of view frames from the 85 cm RM-cube. Shown is the polarized
intensity, in units of mJy beam 1 RMSF 1, at Faraday depths from –8 to +12 rad m 2. The
intensity scale is shown on the right. The noise fluctuations in the PI images, away from
calibration artifacts, and after correction for polarization bias, is about 35 Jy beam 1 RMSF 1.
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φ =  +16 rad m-2 φ = +20 rad m-2
φ = +24 rad m-2 φ = +28 rad m-2
φ = +32 rad m-2 φ = +36 rad m-2
Figure 5.1: Continued: Polarized intensity for Faraday depths from +16 to +36 rad m 2.
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φ = +40 rad m-2 φ = +44 rad m-2
φ = +48 rad m-2 φ = +52 rad m-2
Figure 5.1: Continued: Polarized intensity for Faraday depths from +40 to +52 rad m 2.
nels. The first thing to notice in the individual frames is that the signal intensity
rapidly falls beyond a radius of about 1.5Æ from the (pointing) center of the image.
This, of course, is the tell-tale signal that they are coming from the sky. The de-
crease in intensity towards the edges of the field are due to the attenuation by the
WSRT primary beam, which measures about 2.5Æ at half-power (at 350 MHz). An
immediate corollary is that a much larger area of the sky probably displays simi-
lar polarization signals. Secondly, we note that there is no detectable total intensity
emission associated with any of the observed polarization signals. We refer to Pizzo
& de Bruyn (2009, Chapter 4) for the total intensity 85 cm image. This lack of cor-
responding features in total intensity is common to all WSRT 350 MHz Galactic fore-
ground polarization images (Wieringa et al. 1993; Haverkorn et al. 2003; de Bruyn
et al. 2006; Schnitzeler et al. 2007b) and is attributed to the fact that the total inten-
sity does not contain significant power on angular scales probed by the WSRT base-
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φ = -8 rad m-2 φ = -4 rad m-2
φ = 0 rad m-2 φ = +4 rad m-2
φ = +8 rad m-2 φ = +12 rad m-2
Figure 5.2: Panel of full field of view frames from the 85 cm RM-cube. Shown is Stokes Q ,
in units of mJy beam 1 RMSF 1, at Faraday depths from  = –8 to +12 rad m 2. The intensity
scale is shown to the right of each frame. The noise level inmost images, away from calibration
artifacts, is about 43 Jy beam 1 RMSF 1.
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φ = +16 rad m-2 φ = +20 rad m-2
φ = +24 rad m-2 φ = +28 rad m-2
φ = +32 rad m-2 φ = +36 rad m-2
Figure 5.2: Continued: Intensity of Stokes Q from  = +16 to +36 rad m 2.
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φ = +40 rad m-2 φ = +44 rad m-2
φ = +48 rad m-2 φ = +52 rad m-2
Figure 5.2: Continued: Intensity of Stokes Q from  = +40 to +52 rad m 2.
lines. The polarization however does show structure, due to the fact that (an) inter-
vening Faraday screen(s) create structure on spatial frequencies that can be detected
by the interferometer. A third noteworthy, albeit distracting, property of the images
are the ring-like artifacts around many of the brighter compact sources, especially
those at the edge of the field. These rings are of instrumental origin and are due to
position-dependent polarization leakage, exacerbated by small differences between
the leakages of the 14 telescopes of the WSRT. The beam-pattern of the WSRT has
strong instrumental off-axis polarization (e.g. de Bruyn & Brentjens 2005; Popping
& Braun 2008), which changes strongly with frequency with a dominant 17 MHz
pattern. The error patterns are of a multiplicative nature, and are therefore only vi-
sible around sources with significant total intensity (at least hundred times the noise
level). Hence they have no significant effect on the ubiquitous diffuse polarized
signals which, as discussed above, have no counterpart in Stokes I. The proper cal-
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φ = -8 rad m-2 φ = -4 rad m-2
φ = 0 rad m-2 φ = +4 rad m-2
φ = +8 rad m-2 φ = +12 rad m-2
Figure 5.3: Zoom view of Stokes Q frames at Faraday depths from –8 to +12 rad m 2. The
intensity scale is shown on the right of each frame.
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φ = +16 rad m-2 φ = +20 rad m-2
φ = +24 rad m-2 φ = +28 rad m-2
φ = +32 rad m-2 φ = +36 rad m-2
Figure 5.3: Zoom view of Stokes Q frames at Faraday depths from +16 to +36 rad m 2.
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φ = +40 rad m-2 φ = +44 rad m-2
φ = +48 rad m-2 φ = +52 rad m-2
Figure 5.3: Continued: Intensity of Stokes Q from  = +40 to +52 rad m 2.
ibration and removal of these direction-dependent error patterns requires software
that is not yet available, but is being developed for LOFAR. Once this has been prop-
erly tested, we will return to these data and clean up the images. The main scientific
conclusions drawn from the current images, however, are not affected by the error
patterns. A final word of caution concerns the sidelobes in the RMSFwhichmay give
the appearance of emission beyond the Faraday depths where it is actually present.
Although we did clean the RM-cube (see Chapter 4), we had to stop the clean at rel-
atively high intensity levels because of calibration artifacts. When the ring-like error
patterns have been properly calibrated and removed, we will also be able to perform
a deeper RM-clean.
After these preliminary comments, let us now turn our attention to the real dif-
fuse large-scale signals. Wewill comment onmorphological patterns that are present
in both the polarized intensity and in the Stokes Q (and U) images. We note, and
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separately discuss, three distinct patterns. The first convincing emission, taking
into account the sidelobes of the RMSF, probably starts at slightly negative Faraday
depth with some significant emission at about –4 rad m 2. In the frames from –4 to
+8 rad m 2 the dominant pattern has a ’sheet-like’ morphology. Its polarized inten-
sity is rather uniform and there are only very small spatial changes in polarization
angle (see also Fig. 5.15). These sheets have sharp, almost unresolved edges, and can
be coherent in polarization angle on scales up to 1Æ. One of these unresolved edges,
oriented vertically at RA = 17h 16m and Dec = +64Æ 300 shows all the characteris-
tics of a depolarization canal (Haverkorn et al. 2004b). A second structural pattern
is present at Faraday depths from about +8 rad m 2 to +16 rad m 2. It is present
mostly on the Eastern side of the image, starting at the sharp ’canal-like’ disconti-
nuity in Stokes Q (at RA > 17h16m). This emission has significant wavy polarization
angle structure on scales of about 100. The third, and arguably the most interesting
pattern, starts at a Faraday depth of about +12 rad m 2 on the Western side of the
image. It is strongly anisotropic in polarized intensity with stripes in a direction of
about 120Æ (N-through-E). In the images from +12 to +48 rad m 2 the stripy pattern
appears to move slowly from North-West to South-East, with an estimated gradient
of about 10–20 radm 2 per angular degree. Although this may be fortuitous, we note
that this large-scale gradient is approximately along the direction of the stripy pat-
tern. This third pattern is most conspicuous in the morphology of the polarization
angle (see Fig. 5.3). It shows a mottled pattern, with arcminute scale variations in the
sign of Stokes Q; similar structure is observed in the Stokes U images at those Fara-
day depths. The stripy polarized intensity pattern at the higher Faraday depths is
therefore accompanied by rapid spatial changes in polarization angle. The emission
in this third, filamentary, pattern also covers the broadest range in Faraday depth
and significant emission is probably present up to a Faraday depth of + 44 rad m 2
in the South-East corner of the image.
To emphasize the remarkable change in morphology of the total polarized inten-
sity as a function of Faraday depth, we have integrated the emission in the frames
from –4 to +4 rad m 2 and from +20 to +36 rad m 2. We used a cutoff level of
100 Jy beam 1 RMSF 1 for including a pixel in the summed image. These inte-
grated images are shown in Fig. 5.4 and Fig. 5.5.
Close inspection of the polarized intensity RM-cube reveals several faint discrete
sources with significant polarization at a Faraday depth similar to the diffuse emis-
sion near their position. Two examples of such coincidences are presented in Fig. 5.6
and Fig. 5.7. The RM of these two discrete sources are also representative of the
30 background radio sources observed around A2255 which cluster between +20 to
+40 rad m 2 (see Chapter 4). The small RM dispersion in this sample confirms pre-
vious studies (Simonetti & Cordes 1986; Leahy 1987) that the intrinsic RM of most
extragalactic radio sources is rather small. The close agreement between the high-
est Faraday depth of the diffuse polarized emission from our Galaxy and the RM
of these discrete distant extragalactic sources therefore suggests that we have de-
tected diffuse polarized emission from our Galaxy all the way out to the edge of the
magneto-ionic Faraday rotating medium. We return to this in the next section when
we discuss the relative and absolute distances of the various screens and emission
regions.
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Figure 5.4: Polarized emission integrated over Faraday depths from  = –4 to +4 rad m 2.
Note that at this very small Faraday depth the instrumental polarization around most off-axis
sources is very prominent.
We now would like to draw attention to a property of the RM cubes that may
not be immediately apparent. When one compares the two integrated polarized
intensity images it is obvious that the intensity patterns overlap spatially, i.e. at a
given location there are multiple emission regions in Faraday space. Such double-
peaked spectra could already be discerned in the top parts of Fig. 5.6 and Fig. 5.7.
A further example of very bright diffuse emission with multiple peaks is shown in
Fig. 5.8. The polarized emission, at any given location, generally does not cover the full
range of Faraday depths from –4 to +44 rad m 2 but is concentrated around one or
two specific values. The emission from most peaks appears slightly resolved by the
RMSF. In those cases where the signal-to-noise ratio appears good enough to permit
a deconvolution we derive a width of typically 4–6 rad m 2. However, a deeper
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Figure 5.5: Polarized emission integrated over Faraday depths from  = +20 to +36 rad m 2.
analysis of the Faraday spectra should be done to confirm this (see also Schnitzeler
et al. 2007b).
The intrinsic spread in Faraday space of the polarized emission at any given lo-
cation is important when we come to discuss a specific model for the structure along
the line of sight. In this connection we want to point out an important caveat in in-
terpreting Faraday spectra. The observations used to make the 85 cm RM-cube have
only limited coverage in 2-space, with 2 lying in the range  0:63   0:93 m2. This
makes our observations progressively less sensitive to polarized emission from la-
yers that become Faraday thick, i.e. that are extended over Faraday depths such that
(min)
2
 > 1. This is shown graphically in Fig. 5.10 where we plot the instrumental
response of top-hat slabs in Faraday space, also called Burn-slabs, as a function of 2
for various thicknesses . These graphs show that in our broadband 85 cm WSRT
observations we have lost a significant fraction of the intrinsic polarized signal if the
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Figure 5.6: Bottom: Faraday spectrum at the location of a polarized discrete source at posi-
tion: RA = 17h 10m 39:6s,Dec = +64Æ290 4100. The peak at  = +16 rad m 2 is due to the 100 mJy
source. Top: averaged Faraday spectrum for a region of 30  30 centered a few arcmin south
of the discrete source. Note the different intensity scale and the much lower noise level in the
spatially averaged diffuse emission.
Faraday width of the emission region is significantly larger than 2 rad m 2. This may
in fact be the case, if we take the deconvolved widths given above at face value. Of
course Burn-slabs are an idealization, and we do not have super resolution, so if the
diffuse polarized emission has significant structure on scales of 2 rad m 2 within the
RMSF a significant amount of emission may in fact still be recovered. We refer to
Brentjens & de Bruyn (2005, their appendix B) for further discussion of the effects
of the frequency coverage to (combinations of multiple) slabs in Faraday space. The
lack of sensitivity to emission from layers that are Faraday-thick was also discussed
in Pizzo et al. (2009a, Chapter 4), when we talked about Burn-slabs in connection
with polarized emission originating in the cluster A2255.
The polarized emission integrated over all Faraday depths varies from about 0.5–
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Figure 5.7: Bottom: Faraday spectrum at the location of a polarized discrete source at posi-
tion: RA = 17h 22m 58:2s, Dec = +64Æ 180 4400. The peak at  = 0 rad m 2 is due to instrumental
polarization, while the peak at  = +44 rad m 2 is due to intrinsically polarized emission from
the source which is 25 mJy strong. Top: averaged Faraday spectrum for a region of 100  100
about 200 west of the discrete source. Note the different intensity scale and the much lower
noise level in the spatially averaged diffuse emission as compared to the single pixel spectrum.
1 mJy beam 1 across the field of view (after correcting for the primary beam atte-
nuation). This flux density corresponds to a polarization brightness temperature of
about 2–4 K. This should be compared to the total Galactic foreground intensity of
about 30 K at 350 MHz as deduced from the Haslam et al. (1982) 408 MHz image, af-
ter correction for the 2.7 K CMB and discrete extragalactic source contributions and
correcting for a temperature spectral index of –2.55. Hence the maximum observed
polarization at 350 MHz is only about 6–13%. Most of the synchrotron emission
of our Galaxy therefore does not lead to observable polarized emission at frequen-
cies around 300–400 MHz. At much higher frequencies the percentages are much
larger (Brouw & Spoelstra 1976; Page et al. 2007). This suggests that depolariza-
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tion effects, rather than non-uniform magnetic fields in the emitting regions, are the
main mechanism responsible for lowering the observed polarization percentages.
The trend of reduced polarization when going towards lower frequencies continues
when going to the 2 m RM-cube. As noted by Pizzo et al. (2009a, Chapter 4), we
have not yet detected any believable polarization at frequencies from 120–160 MHz.
The 2 m RM-cube does, however, show some tantalizing hints of faint narrow, es-
sentially unresolved, features in Faraday space with polarized intensities of about
2–3 mJy beam 1 RMSF 1. An example is shown in Fig. 5.13. At this point it is good
to recall the very different coverage in wavelength available in the 85 cm and 2 m
data. These are shown in Fig. 5.9. The RMSF’s synthesized from these data are
shown in Fig. 5.11 and in Fig. 5.12. The 85 cm RMSF has a halfwidth of 12.5 rad m 2
while the 2 m RMSF has a halfwidth of only 1.1 rad m 2.
If the 2 m band emission can be confirmed in subsequent analysis, the polarized
emission at 2m is present at brightness temperature levels of about 10 K. For Faraday
thin emission between wavelengths of 85 cm and 2 m the observed values of about
2 K at 85 cm, for the sheet-like features at   + 2 rad m 2, should have increased
to about 20 K for a temperature spectral index of –2.55. We definitely do not see
such levels and therefore we conclude that, in general, depolarization due to a finite
Faraday depth must play an important role in quenching the 2 m band polarization.
The very different morphology in polarized intensity and polarization angle
strongly suggests that the different spatial patterns originate in distinct regions along
the line-of-sight. In the next section we discuss a simple model from which we draw
some first order conclusions about the physical conditions that might give rise to
these patterns. We also suggest a possible configuration along the line of sight.
5.3 Discussion
5.3.1 Properties of the Galactic foreground polarization
The field towards the cluster A2255 covers the range in Galactic coordinates from
l = 93Æ  96Æ and b = +33Æ  +36Æ, in the region between the Sagittarius and Perseus
spiral arms, and above the local spiral arm. Assuming that the bulk of the Galactic
synchrotron emission is emitted from a disk with a width of about 1–2 kpc (Beuer-
mann et al. 1985), the observed emission therefore represents the integral of contri-
butions along a path that may be up to several kpc deep. The interpretation of the
very complex spatial and Faraday depth structure of the polarized emission as pre-
sented above requires knowledge of the magneto-ionic component of the interstellar
medium and the distribution of relativistic electrons responsible for the synchrotron
emission. This is a vast field of research, with many open questions, and we will
limit ourselves to a very brief summary. We start with a brief introduction into the
field of polarimetry of the Galactic foreground (note that with our new cosmologi-
cal perspective the terminology has changed from Galactic background to Galactic
foreground).
The first successful Galactic polarization studies were done with the Dwingeloo
25 m radio telescope in 1960 (Westerhout et al. 1962) followed by studies with the
Discussion 163
Figure 5.8: An example of very bright emission at two very different Faraday depths along
the line of sight, averaged over a 5050 region centered atRA = 17h15m49:9s,Dec = +64Æ3004100.
Figure 5.9: The coverage in wavelength squared of the 85 cm and 2 m band data.
164 chapter 5: The Galactic foreground in the direction of A2255
Figure 5.10: The expected polarization fraction as a function of 2 for Burn-slabs, top-hats
in Faraday space, of various widths. The WSRT wavelength coverage in the 85 cm band is
indicated by the shaded bar.
Parkes and Jodrell Bank telescopes. A review of the early polarization work was
given by Gardner & Whiteoak (1966). For a review and analysis of the 1960-ies
Dwingeloomulti-frequency datasets we refer to Brouw& Spoelstra (1976) and Spoel-
stra (1984). All Galactic polarization studies up to the late 1980-ies were done with
the low resolution of single dishes, typically 1–2Æ, depending on frequency. The dis-
covery of very bright polarization structure fine structure on angular scales as small
as 10 byWieringa et al. (1993) with theWSRT therefore came as an enormous surprise
and led to renewed interest in the study of the Galactic foreground. The fine struc-
ture is due to the action of a highly structured magneto-ionic foreground Faraday
screen on the apparently highly polarized signals coming from the region around
the Sun, the more distant disk and possibly the halo of our Galaxy. The surprisingly
high polarization brightness temperatures observed with an interferometer, when
compared to the single dish values, could be attributed to beam depolarization. The
WSRT 325 MHz observations were followed by many detailed studies of various
areas in the Galaxy, ranging from very low to very high latitude (Haverkorn et al.
2003; de Bruyn et al. 2006; Schnitzeler et al. 2007a,b, 2009). These studies made clear
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Figure 5.11: The Rotation Measure Spread
Function (RMSF) synthesized from the
wavelength coverage in the 85 cm band.
Figure 5.12: The Rotation Measure Spread
Function (RMSF) synthesized from the
wavelength coverage in the 2m band.
Figure 5.13: An example of faint polarized emission in the 2 m band. The spectrum refers to
an area at RA = 17h11m;Dec = +64Æ300 where the polarization angle at 85 cm is very uniform.
A weak unresolved feature may have been detected at a Faraday depth of about 4 rad m 2.
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that, despite the rapid increase of depolarizing effects at low frequency, there is still
a large amount of polarization left at frequencies around 325 MHz, wherever we
look. At higher frequencies, 1400 and 2700 MHz, the Effelsberg 100 m telescope was
used by Uyaniker et al. (1998, 1999) to image the polarized emission in large regions
of the Galaxy, especially at low latitudes. A beautiful all-sky single-dish image of
the polarized emission at 1400 MHz was presented by Wolleben et al. (2006). At the
same frequency the Australia Telescope Compact Array (Gaensler et al. 2001) and the
Canadian Galactic Plane Survey with the Penticton array have revealed a wealth of
fine structure at low Galactic latitudes with lots of evidence for depolarizing effects
(Taylor et al. 2003; Uyaniker et al. 2003). At the much higher frequency of 22 GHz,
where Faraday rotation is unlikely to play any role, WMAP has imaged the linear
polarization of the whole sky (Page et al. 2007; Hinshaw et al. 2009).
Although the total intensity of Galactic synchrotron emission decreases steeply
towards higher Galactic latitudes (Haslam et al. 1982; Beuermann et al. 1985; de
Oliveira-Costa et al. 2008), this rapid falloff is not shared by the polarized intensity.
In several studies, up to Galactic latitudes of 70Æ (e.g. de Bruyn et al. 2006), a pola-
rization brightness temperature of typically 5 K at 350 MHz has been detected. The
reduced polarization levels at low latitude are thought to be due to the depolarizing
action of the much higher density plasma close to the Galactic plane which creates a
complicated Faraday structure with much higher Faraday depth. This is also seen in
the systematic increase of the (absolute value of the) RM of polarized extragalactic
radio sources (Simard-Normandin et al. 1981; Brown et al. 2007; Taylor et al. 2009)
when going to very low Galactic latitude.
5.3.2 A simple physical model
The images in Faraday space, derived from the WSRT 85 cm polarization data show
a bewildering range of complexity. A physical interpretation is hampered by our
poor understanding of the detailed structure of the magneto-ionic ISM, especially at
high Galactic latitudes and at large distances above the plane.
The generally very smooth distribution of the total synchrotron emission, implied
by the lack of detection in interferometric data (see the new low-resolution grey-scale
images from the 325 MHz WENSS survey at http://www.astron.nl/wow) is consis-
tent with a large filling factor of the relativistic electron population. We also know
that the Galactic magnetic field contains both random and uniform components (e.g.
Beck 2001; Han 2009). The distribution of the thermal plasma, on the other hand, is
known to be extremely inhomogeneous with a very small filling factor for the Warm
Ionized Medium (WIM) (e.g. Reynolds 1991a,b), that is responsible for the Fara-
day rotation. The large-scale electron density distribution in our Galaxy has been
described by the NE2001 model (Cordes & Lazio 2002) but is already known to be a
poor representation when one looks in detail. For a recent observational review of
the electron density distributions of the gas in the solar neighborhood and for the
vertical component of this distribution, we refer to Berkhuijsen & Mu¨ller (2008) and
Gaensler et al. (2008).
Sokoloff et al. (1998) were the first to discuss the depolarization and Faraday ef-
fects in the disks of spiral galaxies. Their main emphasis was on the polarization
Discussion 167
Figure 5.14: Cartoon of a possible spatial disposition of the many polarized emission com-
ponents and intervening Faraday screens that are required to explain the complex Faraday
spectra and spatial patterns observed in the direction of A2255. The Roman numerals indicate
the various Faraday screens, i.e. the part of the line of sight in which Faraday depth is built
up. These screens are separated by three regions indicated with the letters S (for sheet), C
(cloud) and F (filamentary) where the observed emitting structures reside. The magnetic field
component projected onto the line of sight is assumed to be directed towards the observer.
For more details see the text.
distribution observed from external galaxies as obtained using data at only a few
frequencies (i.e. without the benefit of RM-synthesis). Modeling the fine-scale com-
ponent in our Galaxy was first attempted by Haverkorn et al. (2004a). They analyzed
possible geometric configurations and distributions of the random and uniform com-
ponent of the magnetic field and magneto-ionic medium. The amount of informa-
tion in the data available to them, however, did not allow a detailed confrontation
with the data. Here we make a new attempt. To help visualize the complexity of
the radiative transfer problem of the polarized signals detected in our RM-cube we
have constructed a simple physical model that we believe contains the essential in-
gredients of any model that attempts to explain the data. A cartoon of this model is
shown in Fig. 5.14.
The cartoon shows a viewing cone at moderate Galactic latitude at the transition
from the 1st to the 2d Galactic quadrant. In the cartoon the intensity of the syn-
chrotron emission is indicated by the smooth background. Following Beuermann
et al. (1985), we assume the half-width of the thick disk emission to be about 1-2 kpc,
although the authors note that in this inter-arm direction the model is very poorly
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constrained. Indeed, looking at external galaxies (e.g. NGC6946, Beck 2007; see also
Heald et al. 2009) the intensity of the synchrotron emission between major spiral
arms is often considerably reduced.
Moving outwards along the cone, we introduce four Faraday screens designated
by Roman numerals I, II, III, and IV. We will call them screens but of course they do
not necessarily have to be physically thin structures; they could also be deep columns
of electrons. The screens are separated by polarization emitting synchrotron struc-
tures, designated by the letters S, C, and F. The motivation for introducing several
distinct emission regions along the line of sight is suggested by the different mor-
phological patterns that we see at distinct locations in Faraday space.
To gain insight into the complicated radiative transfer issues we will begin the
discussion with a qualitative description on how we believe the signals are built up.
We will do this in two ways: first we move away from the Sun to the edge of the
Galaxy, after which we retrace our path.
Whenwemove away from the Sun, to a physical distance L, we build up Faraday
depth  as given by the following equation:
 [rad m 2] = 0:812
Z L[pc]
0
ne [cm 3]Bk [G]  dl ; (5.1)
The observed complex polarized signal (as a function of frequency) in a given
direction is the line of sight integral of the Faraday dispersion function (Burn 1966;
Brentjens & de Bruyn 2005), which describes the distribution of polarized emission
as a function of Faraday depth. Faraday depth should not be confused with physical
depth or with optical depth. To simplify our description we assume that the magne-
tic field does not change direction along the line of sight and is directed towards us.
This is consistent with the generally positive values of Faraday depths in our field,
although this certainly will not be the case in general. At various physical distances
we probably come across regions of enhanced electron density that contribute signi-
ficantly to the accumulated Faraday depth. Whenwe arrive at the edge of the Galaxy
we reach a Faraday depth that varies from about +20 to +40 rad m 2, depending on
the direction within our field of view. We do not know whether we see polarized
emission all the way to the edge of the Galaxy. That is, there might still be Faraday
rotating magneto-ionic medium beyond the last region of diffuse polarized emission
that we detect. However, as we argued earlier, the close similarity between the RM
of discrete background sources and the Faraday depths out to which we see diffuse
polarized emission suggests that this contribution is not significant in terms of Fara-
day depth. Hence region IV in the cartoon may be empty. We note that a Faraday
depth of +20 to +40 rad m 2 can be obtained with a typical large-scale magnetic field
of 1 G (with no sign reversals), an average electron density of 0.01–0.02 cm 3 and a
path length of 2 kpc. Gaensler et al. (2008) give a typical mid-plane filling factor of
0.04, and mid-plane electron density of 0.014 cm 3 for the Warm Intercloud Medium
(WIM). This would obviously be insufficient to accumulate the Faraday depth we
need at the latitude where we observe. Obviously, a couple of denser screens or
clouds along the line of sight could produce the remaining Faraday depth and the
small filling factor of the ionized medium argues that this is likely to be what is hap-
pening (Reynolds 1991a,b; Gaensler et al. 2008). The WHAM data in this direction
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(Haffner et al. 2003), however, do not reveal any obvious bright H-structures which
we could relate to our Faraday space emission patterns.
Now let us retrace our path. Starting at the edge of the Galaxywe build up a pola-
rized signal from those regions along the line of sight that have a significant uniform
magnetic field component (in order to create a net polarized signal) and are suffi-
ciently Faraday thin to not fully quench the signal. Each of the polarized emission
contributions will be observed at the Faraday depth contributed by the remainder
of the physical path towards the Sun. The spatial structure that we observe at a
given location in Faraday space will, in our simplistic model, depend on the spatial
structure in the polarized radiation field incident at that particular Faraday depth.
The medium has to be inhomogeneous in both the Faraday rotating and in the pola-
rization emitting regions. Between the various Faraday rotating screens additional
polarized signal must be emitted, because if this were not the case the structures
could not be distinguished as separate features in Faraday space. The three Faraday
patterns described above appear to be essentially unresolved by the RMSF, at any
given location. This conclusion is based on the lack of any significant change in the
Stokes Q (or Stokes U) RM-cube when we scan the range covered by the S-region (
= –4 to +12 rad m 2) and the range covered by the F-region (Faraday depths from
+12 to +44 rad m 2). The S, C, and F-regions may therefore all be Faraday-thin, i.e.
have a Faraday thickness  such that 2 . 1. This may seem to be inconsistent
with the deconvolved sizes derived earlier. This should be investigated further.
5.3.3 Distances of the Faraday space emission patterns
Having introduced a qualitative model for the various components along the line
of sight, the next obvious question concerns their relative distances. The cartoon
obviously suggests a relative disposition; we will now underpin this choice.
If the large-scale uniform magnetic field in this direction does not reverse direc-
tion then obviously the S-region (at   +2 radm 2) must be nearer than the C-region
(at   +12 rad  2), which must again be nearer than the F-region (at an average 
 +28 rad  2). But is there any hard evidence from which we can deduce that this
is actually the case? We believe there is. In the previous section we concluded that
the F-region is located at the edge of our Galaxy as deduced from the close similarity
between the RM of distant background sources and the highest Faraday depth of the
diffuse Galactic emission. But the data may contain additional independent infor-
mation about which region is closest to the Sun. For example, if the F-region would
be in front of the S-region we require an additional Faraday screen with opposite ma-
gnetic field polarity beyond the F-region in order to end up at the S-region with a
fairly uniform Faraday depth of about +2 rad m 2 . In addition, this screen should
have the opposite spatial gradient as that observed in the screen in front of the F-
region. We would consider this as extremely unlikely. The information contained in
the spatial patterns will be addressed in a future paper where we will search for cor-
relations between the various spatial gradients and polarization angle fine structure
patterns observed at the various Faraday depths. It might help break the fundamen-
tal uncertainty between Faraday depth and physical depth inherent in RM synthesis
(Brentjens & de Bruyn 2005).
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φ = 0 rad m-2 φ =  +28 rad m-2
φ = 0 rad m-2 φ =  +28 rad m-2
Figure 5.15: Top row: Stokes Q frames at  = 0 rad m 2 and  = +28 rad m 2. Bottom row:
Stokes U frames at  = 0 rad m 2 and  = +28 rad m 2.
Can we say anything about the absolute distances of the media giving rise to the
three morphological patterns? A2255 lies near the upper part of Loop III, a spur
protruding from the Galactic plane around longitude l  90Æ (Spoelstra 1972). We
also note that Loop III appears to be associated with a region of generally positive
RM, within a sea of generally negative RM, in the large-sky NVSS image of RMs of
extragalactic sources (Taylor et al. 2009). Where Loop III emerges from the Galactic
plane there is also excess polarization in the WMAP image at 22 GHz (Page et al.
2007; Hinshaw et al. 2009). Loop III is significantly polarized at 21 cm wavelength
and was modeled by Spoelstra (1972) as a local SNR with an angular diameter of
90Æ at a distance of only 150 pc. The association of the material in the F-region with
Loop III is supported by the fact that the position angle of the stripy pattern is, within
the errors, tangential to the shell of the SNR as presented in Spoelstra (1972). The F-
region may therefore be due to compressed gas, with an associated enhanced and
more uniform magnetic field, at the expanding boundary of an old SNR.
An important consequence of such a small distance for the F-region is that the
S-region and C-region are even closer. If Loop III is only 150 pc distant, then we
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would have to conclude that most polarized emission in this direction would be
coming from a path of only a few hundred pc deep, and reaching out to only about
100 pc from the Galactic plane. Similarly, most of the Faraday depth in this direction
would be produced very close to the Galactic plane. This would be a somewhat
surprising conclusion given the expectation that the higher regions of the Galactic
non-thermal disk are probably located in more tenuous low filling factor ionized
regions and could therefore be expected to contribute significantly to the polarized
emission. Alternative explanations for the origin of Loop III should therefore be
investigated. For example, Loop III could be associated with synchrotron emitting
loops caused by large-scale halo magnetic fields of our Galaxy (e.g. Sun et al. 2008).
In that case the distance could be much larger, relaxing the distance to the S-region
and C-region. Further discussion of this possibility is beyond the scope of this paper.
5.4 Conclusions
We have discussed the morphology of the polarized radio emission at 85 cm in the
direction of the cluster A2255. Polarized emission has been detected over a very
wide range of Faraday depths, from about –4 to +44 rad m 2. At least three dis-
tinct patterns have been identified at Faraday depths of approximately +2, +12, and
+28 rad m 2, with the latter one being rather broad and showing a spatial gradient.
Based on the observed patterns we suggest that there are three emitting regions with
sheet, cloud, and filamentary emission. A simple physical model is proposed with
both synchrotron emitting regions, where part of the polarized signal is built up, sep-
arated by Faraday screens responsible for the imprint at specific Faraday depth. We
presented arguments that the filamentary region at high Faraday depth is the most
distant component and that no further contributions to either Faraday depth or pola-
rized emission are produced at larger distances. We also conclude that the magnetic
field direction towards longitude l = 94Æ at a latitude of b = +35Æ is directed towards
us, opposite to that within the plane at this Galactic longitude.
We suggest that the filamentary region is related to the outer edge of Loop III, a
Galactic spur believed to be due to old nearby SNR. However, if the distance of this
structure is indeed only 150 pc (Spoelstra 1972), then most of the observed polarized
signal would be produced within a few hundred pc from the Sun. We propose to
explore alternative explanations for Loop III.
The analysis of the complex Faraday structure in this fairly high Galactic latitude
direction underscores the potential of RM-synthesis to allow tomography of media
with significant Faraday depth, especially if they are composed of many Faraday-
thin layers. It is also clear that the study of diffuse polarized emission from extra-
galactic sources, like clusters and the cosmic web, is seriously complicated by emis-
sion from the Galactic foreground. The best situation may occur when the outer part
of our Galaxy contributes a significant component to the extragalactic RM without
contributing itself to the polarized emission. How often such a fortunate situation
exists, however, is not clear.
Alternatively, if the intergalactic medium would contribute a significant RM it-
self, the contributions would be separated. The fact that we have seen a close agree-
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ment between the RM of background sources surrounding the A2255 cluster and the
diffuse emission from the outer part of our Galaxy, is used to argue that at least in
this direction we have no significant RM contribution from the IGM.
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Deep 2 m WSRT observations
of the extended diffuse emis-
sion associated with Coma
— R. F. Pizzo —
Abstract
Aims. Low-frequency studies of halos and relics in galaxy clusters are
important to constrain their origin and to test theories concerning the
acceleration of relativistic particles.
Methods. We performed WSRT observations at about 2 m of the Coma
cluster to investigate the physical and spectral properties of the halo, the
relic, and the bridge and search for additional steep-spectrum extended
features which are expected to be detected around dynamic clusters at
such a low frequency.
Results. In the final total intensity map, the known halo, relic, and radio
bridge are detected. The integrated spectrum of the radio halo, obtained
by comparing our results with the measurements at other frequencies,
is well fitted by the in-situ acceleration model. The brightness distribu-
tion of the halo decreases from the center to the periphery less sharply
than observed at higher frequencies, confirming the radial steepening of
the spectrum for this feature. The spectrum of the relic is described by a
power-law with a spectral index  =  1:19  0:06, while the radio bridge
has a steeper spectrum ( =  1:6  0:2).
Two new extended features are detected around the halo. One
lies  2.5 Mpc to the east of the cluster center and shows the typical phy-
sical properties of relic sources, while the other is located 800 kpc to the
west of the cluster center and has a very steep spectrum (   2:10:3).
No polarized emission associated with Coma is detected in the final RM-
cube.
In preparation for publication in Astronomy & Astrophysics.
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Conclusions. The minimum pressures of the halo, the relic, the bridge,
and the two new features imply that they are strongly confined by the
ambient medium. The very steep-spectrum feature to the east of the halo
seems to be an independent structure. It is reminiscent of the MDS fea-
ture detected in A2255.
The depolarization of the relic between high and low frequencies is likely
due to Faraday depolarization operated by a foreground screen, whose
fluctuations are on scales ranging between 45 and 82.5 kpc.
6.1 Introduction
Extended diffuse radio sources associated with the intra cluster medium (ICM) are
detected in an increasing number of galaxy clusters. They are classified as halos,
relics, and mini-halos (Feretti & Giovannini 1996). Radio halos are extended
(1 Mpc), low surface brightness ( 1 mJy arcsec 2 at 20 cm), unpolarized, steep-
spectrum radio sources located at the cluster center. Relics are highly polarized,
steep-spectrum, Mpc-size radio sources found at the periphery of clusters. Mini-
halos are diffuse radio sources of moderate size (500 kpc) surrounding a dominant
powerful radio galaxy at the center of cooling core clusters.
Halos and relics prove the presence of Mpc-size scale magnetic fields in clusters.
Their study is very important for a comprehensive description of the ICM, since they
are related to other cluster properties in the optical and X-ray domain. Moreover,
they allow us to test several theories concerning the origin of the relativistic particles
in the ICM and their propagation in astrophysical plasma. Their steep spectrum and
large extent make halos and relics ideal targets for low-frequency observations.
The Coma cluster (z=0.0232, Struble & Rood 1991) has been one of the most
studied galaxy clusters since the first determination of its mass by Zwicky (1933). Its
high richness (richness class 2) and smooth appearance made it the prototype of a
well relaxed cluster. Further studies changed this view and revealed that Coma is
in a perturbed dynamical state. Evidence for this was provided by the X-ray images
obtained by ROSAT. Briel et al. (1992) and White et al. (1993) showed that the X-
ray emission in the cluster core is elongated along the line joining the two central
dominant galaxies, NGC 4874 and NGC 4889. A second peak of emission is also
detected around the group of galaxies centered on the cD galaxy NGC 4839, 400 to
the SW of the cluster core.
The studies of the galaxy distribution around Coma showed that the cluster is
nested in an even larger super-cluster of galaxies, whose plane appears to be defined
by the Coma cluster itself and Abell 1367, located about 40 Mpc farther west (Tifft
& Gregory 1976). The interaction between Coma and the nearby cosmic structures
is expected to produce signatures detectable especially at radio wavelengths (Hoeft
et al. 2008).
The extended radio emission associated with Coma was first imaged by Large
et al. (1959). It covers a large area of the cluster, giving rise to the well known radio
halo Coma C and the relic source B1253+275. Both structures have been studied at
several radio frequencies during the past three decades, allowing a good determina-
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tion of their radio spectra (Valentijn 1978; Giovannini et al. 1985; Schlickeiser et al.
1987; Kim et al. 1990; Giovannini et al. 1991, 1993; Deiss et al. 1997; Thierbach et al.
2003).
Deep low-frequency observations have shown that the halo and the relic are con-
nected by a bridge of diffuse radio emission (Kim et al. 1989; Giovannini et al. 1990),
in the direction of the galaxy cluster A1367. This is the first evidence for the exis-
tence of magnetized intergalactic medium on a inter-cluster scale (Kim et al. 1989;
Giovannini et al. 1990). The presence of very large scale diffuse emission around
Coma has been recently confirmed by Kronberg et al. (2007), who detected patches
of distributed radio “glow” beyond the scale of the halo, the relic, and the bridge.
In this paper, we present newWesterbork Synthesis Radio Telescope (WSRT) ob-
servations of the Coma cluster at a wavelength of about 2 m, aimed at studying the
physical properties of its known non-thermal components. Performing Coma ob-
servations at such a low frequency with the WSRT gives the opportunity to image
a wide field of view, with good sensitivity to low-surface and steep-spectrum fea-
tures as halos and relics. Moreover, the study of the polarization of these features
allows the investigation of their origin and that of the cluster magnetic field, which
is to date not completely understood. At the same time, we investigate the presence
of additional steep-spectrum features, that have been recently detected also in other
active clusters at such a low frequency.
The paper is organized as follows. In Sect. 6.2 we describe the main steps of the
data reduction, discussing also a few issues related to low-frequency data analysis.
In Sect. 6.3 we present the total intensity map. We describe the physical properties
of the various radio features detected in Coma, computing their integrated fluxes
and equipartition parameters, and testing their confinement by the external thermal
plasma. Finally, in Sect. 6.4 we present the polarization results, investigating the
possible causes of the observed depolarization of the relic between high and low
frequency.
Throughout this paper we assume a  cosmology with H0 = 71 km s
 1 Mpc 1,

m = 0:3, and
 = 0:7. All positions are given in J2000 coordinates. At the distance
of Coma (100 Mpc), 10 corresponds to 27.5 kpc.
6.2 Observations and data reduction
The observations were carried out with the WSRT at wavelength of about 2 m in
December 2004. The array consists of fourteen parallactic 25 m dishes on an east-
west baseline and uses earth rotation to fully synthesize the uv-plane in 12h. Ten of
the telescopes are on fixed mountings, while the remaining four dishes are movable
along two rail tracks. In the array, the baselines can extend from 36 m up to 2.7 km.
The interferometer observed in 6 different configurations, where the distance be-
tween the last fixed telescope and the first movable one (baseline RT9–RTA) was
stepped at 12 m increments, from 36 to 96 m. The total integration time was 6  12h.
The observations were bracketed by two pairs of calibrators, one polarized and one
unpolarized, observed for 30 minutes each. The observations were conducted in mo-
saic mode. The eight fields were scanned in numerical order from field zero to field
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seven. The pointing centers are listed in Table 6.1. After an integration of 150 s on
one field, the array was pointed towards the following. The total integration time
after six observing sessions was 8h22m per field.
The time sampling of the data is 10 s, which is generally sufficient to sample the
phase fluctuations of the ionosphere and to avoid time-smearing of sources at the
edge of the field.
The low-frequency front end (LFFE) band at the WSRT is equipped with receivers
sensitive in the frequency range 115–175 MHz. The full band is covered by 8 fre-
quency sub-bands of 2.5 MHz centered at 116, 121, 129, 139, 141, 146, 156, and
162 MHz. Using a factor of 2 recirculation for the observations, each frequency band
was divided in 128 channels. On line Hamming taper was used to lower the distant
side lobe level (Harris 1978). This makes two contiguous channels highly dependent
and therefore the final analysis was done using only the odd channels.
The data were processed with the WSRT-tailored NEWSTAR reduction package
(Noordam 1994) following “standard” procedures: calibration, peeling, Fourier-Tran-
sform, Clean, and Restore. As flux calibrator we used 3C196, for which a flux of 91 Jy
at 116.5MHzwas adopted. The flux densities of the calibrator across the entire bands




nication with Ger de Bruyn). The absolute flux scale at 2 m is believed to be accurate
to only 5%.
To perform the polarization calibration we used the pulsar B1937+21. The procedure
followed the standard steps described in Hamaker et al. (1996) and Sault et al. (1996).
The X–Y phase difference was determined manually, since NEWSTAR failed in com-
puting the proper correction to apply to the data. Details about this procedure are
described in Pizzo et al. (2009a, Chapter 4).
Due to serious RFI, the final total intensity imaging was performed excluding the
frequency bands centered at 129 and 146 MHz. For the polarization, the frequency
band centered at 129 MHz was not used during the imaging process. The total
amount of flagged data was  25 %. At  2 m ( 139 MHz) and at the celestial
coordinates of Coma, the resolution of the WSRT is 14100  31500.
6.2.1 Flux scale at 2 m wavelength
A major component of the system noise (receiver + sky) at low frequencies is due to
our Galaxy. The System Equivalent Flux Density (SEFD) of the telescopes at 139MHz
is about 7000 Jy in the Galactic areaswhere 3C196 is located, but it is slightly higher in
the Galactic regions through which Coma is observed. The WSRT receivers operate
with an automatic gain control (AGC) system before the analog-to-digital converter,
continuously measuring the total power to allow corrections for the variable input
levels. Since most of the time the total power detectors (which integrate the power
over the whole 2.5 MHz sub-band) are corrupted by RFI, it is not possible to auto-
matically correct the correlation coefficients for the variations in the system noise.
The total power data must be manually inspected for suitable stretches of power
level measurements. These data form the basis for a manual correction of the flux
scale.
For Coma, the total power ratio between the cluster region and the 3C196 field
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Table 6.1: Pointing positions of the 8 fields.










Figure 6.1: RM estimates of the ionospheric Faraday rotation towards the center of themosaic
during the six observing sessions. The time range of each session is about 12h as reported in
Table 6.2. The observations started around 2h local time.
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is 1.07  0.01 at 139 MHz. Following the transfer of the complex gain correction
determined for 3C196, we have therefore applied an additional correction of a factor
1.07 to the visibility data.
6.2.2 Ionospheric issues at low frequency
At long wavelengths, the ionosphere affects the quality of the total intensity and po-
larization results. In total intensity, the main issue is related to its non-isoplanaticity,
i.e. to the fact that it is not smooth but fluctuates within the synthesized field of
view (e.g. Cohen & Ro¨ttgering 2009). Since the selfcal algorithm computes and
applies only one solution to the entire field, different regions of the maps characteri-
zed by different ionospheric properties will show error patterns associated with the
strongest off-axis sources. These artifacts will possibly propagate to the field center.
Peeling the problematic sources out of the image, removing them with their own
direction-dependent selfcal corrections, is the way to improve the quality of the final
map (Intema et al. 2009).
The ionosphere affects also the polarization of the incoming radio signal intro-
ducing a time variable Faraday rotation, especially during sunset and sunrise. By
rotating the polarized vector by several turns in the QU plane, this effect can sig-
nificantly depolarize the signal at long wavelengths. To have a reliable estimate of
the polarization of the target source, it is important to correct the data for this effect.
We applied the correction using global GPS total ionospheric electron content (TEC)
data and an analytical model of the geomagnetic field. The GPS-TEC data were pro-
vided by the Center for Orbit Determination in Europe (CODE) of the Astronomical
institute of the university of Bern, Switzerland. The geomagnetic field was com-
puted using the US/UKWorld Magnetic Model (WMM) (MacMillan & Quinn 2000).
The ionosphere was modeled as a spherical shell with a finite thickness and uniform
density at an altitude of 350 km above the mean see level. The geomagnetic field
parallel to the line of sight was evaluated at the points where the line of sight from
the WSRT towards the center of the mosaic intersected with the model ionosphere.
Fig. 6.1 shows the computed ionospheric rotation measure towards the center of the
mosaic for the six observing sessions. The RM varies significantly during each 12h
run and from day to day. The largest RM changes happen during sunrise, half way
during each observing session. The validity of this model was successfully tested
by Pizzo et al. (2009a, Chapter 4) with observations at the same frequencies. The
ionospheric contribution has been subtracted from the data.
6.2.3 Self calibration
For each band, all the fields were self calibrated individually. The model used for
this procedure included point sources and CLEAN components in Stokes I, Q, U and
V. Two iterations of gain and phase self calibration were sufficient to obtain a good
quality image. Residual artifacts at  30mJy beam 1 level are still present around the
brightest off-axis sources at the edge of each synthesized field. Because of the WSRT
instantaneous fan beam response, which rotates clockwise from position angle 90Æ to
270Æ during the 12h synthesis time, these artifacts appear as a spiky pattern around
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the sources. Peeling was used to solve for the off-axis errors associated with the
strong source Coma A (RA = 12h54m14s, DEC = +27Æ3901900), which lies  1Æ west
from the center of the Coma cluster. This procedure did not improve the quality of
the final map, presumably due to the difficulty to properly model the source at low
resolution.
6.2.4 Stokes I imaging
For each band, all the fields were imaged and deconvolved separately. In order to
compensate for the different resolutions in the different frequency bands, a Gaus-
sian taper was applied to the uv-plane before Fourier transforming. The maps were
convolved to a common resolution of 14100  31500. The dirty images had a size of
4096  4096 pixels and covered an area of 48Æ  48Æ. After deconvolution of the cen-
tral quarter, the final maps for each field were obtained by combining the same field
images at the various frequencies and weighting them for the input number of vis-
ibilities. The final field images, which have a common coordinate reference, have
been combined to obtain the final mosaic, after automatic correction for the primary
beam. For the WSRT, this is approximated by
G(; r) = cos6(cr) ; (6.1)
where c is  0:064,  is the frequency of the observation in MHz, and r is the distance
from the pointing center in degrees.
6.2.5 RM-synthesis
After the correction for the ionospheric Faraday rotation, we produced the Q and U
channel images of the target source. Each channel map was inspected to look for
residual RFI and/or problems related to specific telescopes. A total of 371 channel
maps were carried through for further processing. A mosaic map was produced for
each frequency channel and the final Q and U images were given as input to rotation
measure (RM) synthesis (Brentjens & de Bruyn 2005).
This technique avoids bandwidth depolarization by averaging the complex po-
larization P(2) = Q(2) + iU(2) of many narrow-band channels after derotating all
P(2) to a common wavelength 0, assuming a certain Faraday depth . The result
is the Faraday dispersion function (Burn 1966):
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and wi is the weight of the data point. R() is the rotation measure spread function
(RMSF). The RMSF depends on the setup used for the observations, i.e. on their 2
coverage. In Fig. 6.2 we present the RMSF for our frequency range. It has a FWHM
of  1 rad m 2.
6.2.6 Flux measurements uncertainties
The error associated with the flux of a source depends on two factors:
 the flux scale uncertainty related to the flux of the calibrator (c). This is a scale
error which applies to the whole map. It is important to take this into account
when comparing the fluxes of the structures at different frequencies;
 the observed noise in the final map (obs). For an extended feature, the error
on the integrated flux is given by obs 
p
Nbeam, where Nbeam is the number of
beams sampled within the feature.
Under the assumption that these uncertainties are uncorrelated, the final error asso-
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A detailed description of the flux measurements uncertainties and of the noises in
the maps is presented in Pizzo & de Bruyn (2009, Chapter 3).
6.2.7 Determining the flux of the extended structures
One of the main problems for low-frequency observers of Coma is to estimate how
much of the flux within the halo is due to point sources or to extended emission.
The subtraction of point sources in low resolution observations is often a compli-
cated process. Several authors performed the subtraction by computing the flux
from discrete sources, listed in Kim (1994), and subtracting it from the total flux of
the extended feature. It is worth noting that this technique relies on the extrapolated
flux of the discrete sources, which is computed assuming a spectral index.
We followed a different approach and we performed the subtraction of discrete
sources in the image plane. By including in the imaging process only those base-
lines longer than 890 m, we produced a map with only sources more compact than
100. Then, we subtracted this map from the original one and we obtained an image
containing the extended emission only. The flux of the extended structures was de-
termined by integrating their brightness above 3.
6.3 Total intensity results
6.3.1 Total intensity image
The final mosaic total intensity image is presented in left page of Fig. 6.3. The map
covers a field of 13Æ.5  7Æ.5 . The peak flux is 12 Jy beam 1 at the location of Coma A.
The final noise ranges between 9 and 18 mJy beam 1, moving from the central areas
of the mosaic towards its peripheral regions. The expected thermal noise and con-
fusion noise for each field are of the order of 2:4 and 4:5 mJy beam 1, respectively.
The difference between the expected and observed noise in the final mosaic is due
to ionospheric anisoplanaticity. This problem affects mostly the eastern areas of the
map, due to the presence of the strongest off-axis sources at this location.
Right page of Fig. 6.3 is a 4Æ2Æ:5 zoom into the Coma cluster region. The computed
noise at the edge of this field is 12 mJy beam 1. In Fig. 6.4 the contour map of the
extended radio emission associated with Coma is presented. It shows the radio halo
Coma C centered at RA = 12h59m10s and DEC = +27Æ5403500, the relic B1253+275 lo-
cated  750 to the south-west of the cluster center, and the radio bridge connecting
them.
Coma C has an asymmetric shape, being elongated along the NE-SW direction. It
hosts two extended radio galaxies, NGC4874 (RA = 12h59m36s andDEC= +27Æ5800800)
and NGC4869 (RA = 12h59m16s and DEC = +27Æ5501800). Diffuse emission surrounds
the central maximum out to about 270, and it extends even further in the direction
of IC4040 (RA = 13h00m37s and DEC = +28Æ0302700). This extension is genuine and it
was detected already in previous low-frequency studies (Kim et al. 1989).
The relic has a cross morphology, with the major axis elongated in NW-SE direc-
tion, and the minor axis approximately perpendicular to it. Its size is  270280. The
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SW emission of the relic along the minor axis represents a bridge connection with the
narrow angle tail (NAT, Rudnick & Owen 1976) radio galaxy NGC4789 (Giovannini
et al. 1991), while the extension towards Coma C is partly due to the radio source 5C
04.034 (RA = 12h56m00s and DEC = +27Æ2703700).
The radio bridge, connecting Coma C with B1253+275, is elongated NE-SW. It
has a size of  410  110, with a position angle of about 50Æ. Its radio emission is
partly due to NGC4839, located half way between Coma C and B1253+275.
A low surface brightness feature (labeled F1 in Fig. 6.4) is detected to the west of
Coma C, between the halo and Coma A, at a distance of  300 from the cluster center.
It appears as an independent feature of 220  30 elongated in declination.
Another extended feature (labeled F2 in Fig. 6.4) is detected at the location
RA = 13h06m23s and DEC = +28Æ0304600, 900 to the east of Coma C. It has a total extent
of  250 in declination.
An extended emitting region is also detected at the location RA = 12h52m14s and
DEC = +26Æ5800000 (F3 in Fig. 6.4). By comparing our map with the 21 cm NVSS
image (see Fig. 6.5), it seems very likely that this structure is generated by a blend-
ing of unresolved point sources. We discuss features F1 and F2 in separate sections
below.
6.3.2 The halo source Coma C
Coma C is the best known halo associated with a cluster of galaxies. It has been
observed at several frequencies from 30.9 MHz to 4.8 GHz.
6.3.2.1 Brightness distribution
From the map with the discrete sources removed, we determined the azimuthally
averaged surface brightness of the radio halo by averaging the brightness within an-
nuli with a thickness of 30 andwithin 240 from the central radio peak (RA = 12h59m10s
and DEC = +27Æ5403500). The result, presented in Fig 6.6, shows that the surface
brightness of the radio halo decreases by a factor of 3.4 from the center towards the
periphery. This is four times less than what was observed at 1.4 GHz by Deiss et al.
(1997). The comparison between the two profiles reveals that the ratio between the
halo brightness at 2 m and at 21 cm increases dramatically after 130 from the center
of the halo, suggesting that the spectrum of Coma C steepens from the center to the
edge. This is consistent with what found by Giovannini et al. (1993), who performed
a spectral index study of Coma C between 326 and 1380 MHz. They showed that the
halo has a central region characterized by a spectral index relatively flat ( =  0:8)
and an external region where  steepens to  =  1:8. This provides the evidence
that the source of the energy of the relativistic particles is located at the cluster/halo
center and is probably due to the turbulence generated by the motion of the radio
galaxies in this area.
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A
Figure 6.3: This page: grey-scale overview of the mosaic in total intensity. Next page: zoom
into the Coma cluster region. The resolution is 14100  31500.



































Figure 6.4: Contour map of the extended emission associated with Coma. The noise at the
edge of the imaged field is  12 mJy beam 1. The contours are at -0.036 (grey), 0.036 (3),
0.046, 0.056, 0.066, 0.086, 0.1, 0.12, 0.14, 0.16, 0.18, 0.25, 0.3, 0.4, 0.6, 0.8, 1, 1.3, 1.5, 2, 4, 6, 8 and
10 Jy beam 1. The resolution is 14100  31500.
































































Figure 6.5: Zoom into the region where feature F3 is located (right panel) compared with the
NVSS map (left panel) covering approximately the same area of the sky. The point sources
at location RA = 12h52m11s, DEC = +27Æ0905200 and RA = 12h52m22s, DEC = +26Æ5700600 in the
NVSSmap are not detected at 2m. This suggests that they have a flat spectrum. The resolution
of the NVSS map is 4500, while that of the WSRT map is 14100  31500.
Figure 6.6: Azimuthally averaged surface brightness distribution of the diffuse radio halo of
the Coma cluster at 2 m, after subtraction of the discrete sources (see text).
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Table 6.3: Integrated flux densities of Coma C. References: (1) Henning (1989); (2) Hanisch
& Erickson (1980); (3) present work; (4) Cordey (1985) ; (5) Venturi et al. (1990); (6) Kim et al.
(1990) ; (7) Hanisch (1980); (8) Giovannini et al. (1993) ; (9) Deiss et al. (1997) ; (10) Thierbach
et al. (2003) ; (11) Schlickeiser et al. (1987).
Frequency Flux density References
(MHz) (Jy)
30.9 49  10 1
43 51  13 2
73.8 17  12 2
139 10.6  0.6 3
151 7.2  0.8 4
326 3.81  0.03 5
408 2.0  0.2 6
430 2.55  0.28 7
608.5 1.2  0.3 8
1380 0.53  0.05 6
1400 0.64  0.035 9
2675 0.11  0.03 10
2700 0.07  0.02 11
4850 0.03  0.01 10
6.3.2.2 Integrated diffuse radio flux and integrated spectrum
The total flux computed for Coma C after the subtraction of point sources is
10:6  0:6 Jy. To obtain the spectrum of the source, we looked for all the available
data at other frequencies from the literature. They are listed in Table 6.3, together
with their references.
The shape of the spectrum provides constraints on the physical background of the
halo formation. At frequencies below 1.4 GHz the halo has a power-law spectrum,
which steepens at higher frequencies. This steepening, seen for the first time by
Schlickeiser et al. (1987) and confirmed by Thierbach et al. (2003), favours the in-situ
acceleration as the mechanism that gave origin to the halo. The analytic expression
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Figure 6.7: The radio spectrum of Coma C fitted with the in-situ acceleration model. The
power-law slope below the break frequency and the 2 value are given.
where I( j) is the observed intensity at the frequency  j, 
1 is a free parameter, and
s is the break frequency (Jaffe 1977; Roland 1981; Schlickeiser et al. 1987). In Fig. 6.7
we present the resulting spectrum of Coma C fitted by the in-situ acceleration model.
The new measurement of this work is displayed with a filled circle. For the flux at
2.7 GHz, we decided to use the measurement of Thierbach et al. (2003) andwe do not
include the estimate by Waldthausen (1980) because it refers to the only central area
of Coma C. To fit the data, the measurements have been normalized to  j = 430 MHz
and the most probable value of the parameters has been determined with the 2
technique. The data have been weighted for their uncertainty. The best fit is obtained
for  = 4:4 and s = 360 MHz.
6.3.2.3 A new genuine extended feature (F1)
We detect a new extended feature to the west of Coma C (labeled F1 in Fig. 6.4).
We checked the NVSS to look for possible point sources that could give rise to such
a feature at low resolution, but we did not find any (see Fig. 6.8). This confirms that
this structure is a genuine extended feature. Extended emission at this location was
also partly detected by Kim et al. (1989) at 326 MHz ( = 92 cm) in a map convolved
to approximately the same resolution of our image (2040). In their image the feature
seems to be part of the halo, which is more extended towards the west as compared
to the brightness distribution at higher frequencies. However, it is worth noting that
in our map the “new” feature seems to be an independent structure, not related to
1It is determined by the ratio of acceleration time to confinement time of the particles and the ratio of
shock wave to resonant diffusion acceleration rates corrected for bremsstrahlung and adiabatic decelera-
tion losses (Schlickeiser et al. 1987).
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Figure 6.8: Zoom into the region where feature F1 is located (right panel) compared with the
NVSSmap covering approximately the same area of the sky (left panel). The source at location
RA = 12h57m45s and DEC = +27Æ5704500 in the NVSS map is not detected at 2 m. This suggests
that it should have a flat spectrum. The resolution of the NVSS map is 4500, while that of the
WSRT map is 14100  31500..
Coma C. To have a reliable estimate of its spectral index, we made a 2 m map with
the same uv range of the 326 MHz image. By comparing the peak brightness of F1 at
2 m (100 mJy beam 1) and at 92 cm ( 16 mJy beam 1), we estimate a spectral index
 =  2:1 0:3. In other regions of the feature which have a lower surface brightness,
the spectral index steepens to  =  2:4  0:3.
The presence of such a steep-spectrum feature at such radial distance from the clus-
ter center is in line with the radial trend of the spectral index observed in Coma C
(Giovannini et al. 1993). We note that, since we do not detect any emission between
feature F1 and the radio halo, the “empty” region, which is instead visible in the
more sensitive 326 MHz map, should have a flatter spectrum. Therefore, if feature
F1 is part of Coma C, the halo must have an irregular brightness distribution, at least
in its outermost western regions. This does not fit into the picture of the usually
smooth appearance of radio halos. We think that F1 is a Mpc-size diffuse structure
(MDS), possibly of the type detected in A2255 (Pizzo & de Bruyn 2009, Chapter 3).
Its linear shape could suggest a shock origin or an association with a remnant of an
old tail of a radio galaxy. Deeper and better resolution low-frequency observations
are needed to clarify this.
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Table 6.4: Integrated flux densities of B1253+275. References: (1) present work; (2) Cordey
(1985); (3) Giovannini et al. (1991); (4) Ballarati et al. (1981) ; (5) Thierbach et al. (2003); (6)
Andernach et al. (1984).
Frequency Flux density References
(MHz) (Jy)
139 4.0  0.2 1
151 3.3  0.5 2
326 1.40  0.03 3
408 0.91  0.10 4
610 0.611  0.05 3
2675 0.112  0.010 5
4750 0.054  0.015 6
6.3.3 The relic source B1253+275
The relic B1253+275 was first detected by Jaffe & Rudnick (1979) and investigated by
Andernach et al. (1984) and Giovannini et al. (1985, 1991).
Several theories tried to explain its origin and nature, which are still puzzling, given
the lack of any optical counterpart associated with this source. Originally, the Coma
galaxy IC3900 (RA = 12h55m41s and DEC = +27Æ1500300) was thought to be the source
of the plasma in the relic (Giovannini et al. 1991), but the detection of a bridge con-
necting B1253+275 and Coma C (Kim et al. 1989) suggested that this feature could
be part of the large-scale radio emission resulting from the interaction between the
Coma cluster and A1367. Enlin et al. (1998) favoured NGC4789 as the possible
source of relativistic electrons for the relic. The particles released from this galaxy
should flow towards Coma C, producing a shock at the contact surface with the
dense ICM and rejuvenating the electrons, which are then able to re-emit detectable
synchrotron radiation.
6.3.3.1 The spectrum of B1253+275
The total flux of the relic was obtained by integrating its intensity above 3 in the
map where the discrete sources have been subtracted. In this computation we did
not include the SW extension of B1253+275 towards NCG4789. The total flux is
4:0  0:2 Jy. The spectrum of the source is shown in Fig. 6.9. The measurement
computed in this work is displayed as a filled circle. In Table 6.4 we report all the
available flux measurements in the literature. The best fit to the data is a power-law
with a spectral index of  =  1:19  0:06
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α = −1.19    0.06+-
Figure 6.9: Integrated radio continuum spectrum of B1253+275. The line is the best power-
law fit to the data, with a spectral index of  =  1:19  0:06.
6.3.3.2 A new relic source? (F2)
In our map there is evidence for a new extended feature located 900 east from the
cluster center (F2 in Fig. 6.4). The source has a linear morphology and is elongated
in position angle 45Æ. Its extent is approximately 250. In Fig. 6.10, we present a zoom
into the region where feature F2 is located, and we compare it with the FIRST and
NVSSmaps covering approximately the same area of the sky. At the resolution of the
FIRST (500), the only point source at location RA = 13h06m38s and DEC = +28Æ0602100
is visible. At the resolution of the NVSS (4500), in addition there seems to be a low-
level extended feature with a double structure. However, by convolving this image
with the beam of our observations, F2 appears  100 less extended than at 2 m. By
comparing its integrated flux at the two wavelengths, we compute a spectral index
 =  1:1  0:1.
Optical investigations have shown that feature F2 is not associated with any Coma
cluster galaxy. Absence of optical identification, steep spectrum, linear size, and
distance from the cluster center make the new feature similar to B1253+275 (see
Sect. 6.3.3). It is worth noting that the new feature lies at the crossroad of two fila-
ments of galaxies, the former pointing towards A2197 and A2199, the latter directed
towards the Hercules supercluster. The feature could be due to the accretion of mat-
ter into the potential wall of the cluster.
6.3.4 The radio bridge
The radio bridge connecting Coma A and B1253+275 was first discovered by Kim
et al. (1989) through WSRT observations at 326 MHz of the Coma cluster. The large
extent of the bridge and its radio morphology imply that it is not due to blending of
unresolved point sources, but that is a genuine extended feature. The authors sug-




































































































Figure 6.10: Comparison between the morphologies of feature F2 at 500 resolution (top panel,
FIRST survey), 4500 resolution (middle panel, NVSS survey) and 1410031500 resolution (bottom
panel, our data).
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gested that the bridge is associated with the Coma-A1367 supercluster and results
from the amplification of magnetic fields during the formation of intergalactic voids
and superclusters.
By integrating the brightness of the bridge above 3 level in the map where the
point sources were subtracted, we obtain a total flux of 2:9  0:2 Jy. By comparing
the flux of this structure at 2 m and 92 cm (Kim et al. 1989) from maps sampling
the same uv range and having the same resolution, we compute a spectral index of
 =  1:6  0:2.
6.3.5 Physical parameters
The total energy content of a synchrotron source (Utot) is given by the contribution
of the energy of the relativistic particles and the energy of the magnetic field. Utot
shows a minimum when these 2 contributions are approximately equal. Under the
assumption that a radio source is in a minimum energy condition, it is possible to
estimate its magnetic field strength (Pacholczyk 1970). The equipartition magnetic
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where I0 is the source brightness, z the redshift, 0 the observing frequency, k the ratio
between the energy in relativistic protons and electrons,  the filling factor (repre-
senting the fraction of the source volume that is filled with particles and magnetic
field), (; 1; 2) a constant tabulated in Govoni & Feretti (2004), and d the source
depth. By knowing umin of a source, it is possible to derive the minimum internal
pressure due to magnetic fields and particles. This is given by




where   is the adiabatic index of the plasma. Equation 6.7 holds in the case of relati-
vistic plasma, for which   = 4=3.
The equipartition parameters of Coma C, B1253+275, radio bridge, and features
F1 and F2 are reported in Table 6.5. For their computation, we used the integrated
fluxes derived from our study at 139MHz. For the halo, we assumed a spectral index
of  =  0:7, which describes the initial power-law of the in-situ fit,  =  1:19  0:06
for the relic (see Fig. 6.9),  =  1:6  0:2 for the bridge, and  =  1:1  0:1 for
feature F2. To do not overestimate the equipartition parameters, for F1 we assumed
a spectral index which is the mean between  =  2:1 and  =  0:7. We shaped the
halo as a sphere with a diameter of 927 kpc. Relic, bridge, F1, and F2 were modeled
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as cylinders, with a length of 734, 1140, 605, and 687 kpc and a width (i.e. depth) of
191, 309, 83, and 124 kpc, respectively.
The equipartition parameters of the halo, the relic and the bridge are in agreement
with those obtained in previous studies by other authors (Andernach et al. 1984; Kim
et al. 1990; Giovannini et al. 1990, 1991, 1993).
Brunetti et al. (1997) showed that, in the computation of the equipartition param-
eters, it is more appropriate to calculate the radio source energy by integrating the
synchrotron luminosity over a range of electron energies, and not within a range of
frequencies. This method has the advantage that also electrons of very low energy
are taken into account and it avoids the problem that electron energies correspon-
ding to frequencies 1 and 2 depend on the magnetic field value. Representing the
electron energy with its Lorentz factor  and assuming that min  max, the new









where B0eq and Beq are expressed in Gauss. B
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our case, for example, assuming min = 300, the new equipartition magnetic field
estimates for the halo, relic, bridge, F1, and F2 increase by a factor of 1.3, 1.7, 2.3, 2,
and 1.7, respectively.
The magnetic field strength within a source, together with the value of the break










where B is in G, s in MHz, and BIC is the strength of a magnetic field with the same
energy density as the CMB. Assuming a CMB temperature of 2.725 K, BIC = 3.238(1+
z)2 G. By using for the magnetic field the equipartition value, for Coma Cwe obtain
tr = 2  10
8 years.
By knowing the minimum pressure of a source and the physical properties of the
hosting X-ray thermal plasma, it is possible to test whether it is in pressure equili-
brium with the gas environment.
The pressure (P0) of the thermal gas in the center of galaxy clusters is given by
P0 = 2n0kT ; (6.10)
where n0 is the central electron density, k is the Boltzmann constant, and T is the gas












where rc is the core radius and  is the ratio of galaxy to gas temperature (e.g. Feretti
et al. 1992). For our analysis, we used the X-ray plasma properties derived by Briel
et al. (1992) rescaled to our cosmology:
n0 = (3:4  0:05)10
 3 cm 3 ;
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rc = (288  17) kpc ;
 = 0:75  0:03 :
For the halo, we computed the thermal pressure at r = rc, obtaining
Pth(r = rc) = 3:9  10
 11 dyne cm 2 :
The same approach applied to B1253+275 results in a thermal pressure
of 1:1  10 12 dyne cm 2. By studying the physical properties of two nearby radio
galaxies, Venturi et al. (1989) found evidence for a significant excess of gas in this pe-
ripheral region of the Coma cluster, with respect to what is predicted by the standard
model. This was subsequently confirmed by X-ray observations of the relic region,
which provided the evidence for an X-ray substructure at the location of NGC4839
(Briel et al. 1992; Feretti & Neumann 2006). Therefore the estimate of the thermal
pressure at the location of the relic must be considered a lower limit.
For the bridge, we determined the thermal pressure half way along it, i.e. at a dis-
tance of 340 from the cluster center. This results in Pth = 5:4  10
 12 dyne cm 2.
For F1 and F2, we computed a thermal pressure of Pth = 6:8  10
 12 dyne cm 2 and
Pth = 6:6  10
 13 dyne cm 2, respectively.
It is worth noting that for all the studied features the thermal pressures are 2–4
orders of magnitude higher than the minimum pressures. The discrepancy could
be due to projection effects, which affect the value of the pressure of the ambient
medium at the real location of the features. The uncertainty associated with the
equipartition parameters could also justify the gap between internal and external
pressure. We know that the equipartition estimates rely on few assumptions related
to the value of k;, and d, which are poorly known. A value of k  103   104 could
easily account for the discrepancy between internal and external pressure. Such high
values for this parameter have been suggested for radio structures in several clus-
ters in the framework of the feedback mechanisms operated by the radio galaxies to
stop cooling flows (Dunn & Fabian 2004; Dunn et al. 2005; Bıˆrzan et al. 2008). Ano-
ther possibility could be that for the studied features there is a deviation from the
equipartition condition, as already suggested for the radio lobes of some extended
radio galaxies (Morganti et al. 1988; Feretti et al. 1990).
6.4 Polarization results
The distinction between the real astronomical signal and the instrumental artifacts is
efficiently done by animated scanning through the RM-cube2.
2This is available at http://www.astro.rug.nl/pizzo/movies/COMA 2M.gif.
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6.4.1 The RM-cube
The final RM-cube covers a field of view of 6Æ  6Æ centered on the Coma cluster. It
synthesizes a range of Faraday depths from  100 rad m 2 to +100 rad m 2, with a
step of 0.5 rad m 2. Within the frequency range of our observations (115–175 MHz)
the observing beam varies by a factor of 1.5. To obtain an almost frequency inde-
pendent beam, we tapered the data to the same resolution of the lowest observing
frequency. By combining 371 input channel maps, each with a typical rms-noise
level of  0.16 Jy beam 1, we obtained a noise of  8.5 mJy in the final RM-cube. This
is significantly higher than the thermal noise, due to the presence of instrumental
artifacts associated with the off-axis sources Coma A and 3C284 (RA = 13h11m04s,
DEC = +27Æ2800700). Although these sources were subtracted during the imaging
process, strong residuals are left at their location and are mainly due to the difficulty
to properly model them.
In this RM-cube there is no evidence of any polarized emission associated with the
cluster.
6.4.2 The depolarization of B1253+275
Observations conducted at short wavelength revealed that B1253+275 is polarized at
a level of 42% at 6.5 cm (at  40 resolution, Andernach et al. 1984), 25% at 11 cm (at
 40 resolution, Thierbach et al. 2003), and 25% at 20 cm (at  4300 resolution, Gio-
vannini et al. 1985). There is no significant polarization associated with this source in
our RM-cube, therefore we can only set an upper limit to its polarized flux at 2 m by
considering 5 times the noise of the RM-cube compared with the peak total intensity
flux. This corresponds to a fractional polarization lower than 19%.
Several factors could be at the origin of the observed depolarization of the relic.
Bandwidth depolarization is not supposed to play a major role in this case, given
the narrow channels of our observations, combined with RM-synthesis. Another
possible cause could be beam depolarization, due to electron densities and magnetic
field fluctuations within the source, combined with the beam of our observations.
However, since our data have a resolution which is comparable with the Thierbach
et al. (2003) data at 11 cm, this hypothesis is also ruled out. We conclude that the de-
polarization of the relic is likely to be due to differential Faraday rotation along the
line of sight produced by the co-location of emitting plasma and Faraday rotating
plasma.
Burn (1966) and Tribble (1991) developed the theory of the Faraday depolariza-
tion, studying in detail the situations in which the depolarization takes place inside
the radio source (internal depolarization) and/or in a foreground screen characterized
by magnetic field and electron density fluctuations (external depolarization).
The effect of the internal depolarization can be estimated by assuming a simple sce-
nario in which the electron density and the magnetic field have a uniform distribu-
tion inside the relic. In this case, its structure in Faraday space can be approximated
by a slab (Burn 1966), which produces a fractional polarization that behaves like
the sinc function displayed in Fig. 6.11. The multi-frequency polarization measure-




Figure 6.11: Fractional polarization of B1253+275 at 6.5, 11, and 200 cm. The 2 m measure-
ment is an upper limit. The horizontal bar indicates the 2 coverage of the observations. The
sinc function corresponds to a Burn slab of 5 rad m 2 normalized to the observed 6.5 cm flux.
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for this model to simultaneously satisfy the measurements at 6.5 cm and at 11 cm
(Andernach et al. 1984), unless we consider very high Faraday depths for the relic
( > 150 rad m 2). These large values are unlikely for such an extended (probably
thin) source and they are also much larger than the average Faraday depths of the
surrounding sources. To explain the depolarization, Andernach et al. (1984) develo-
ped a modified slab model for the relic, by assuming that the magnetic field within
this feature is the sum of a random and an ordered component.
Depolarization can also happen externally to the relic and be due to a foreground
Faraday rotating screen. Giovannini et al. (1985) found that at 20 cm the source is
more polarized than what can be expected from the depolarization observed by An-
dernach et al. (1984). To explain this, they used a complex model in which they
considered also the effect of external depolarization due to electron density and ma-
gnetic field fluctuations in a screen surrounding the relic and occurring on a scale
larger than the resolution of their VLA observations. Their results imply that the
Faraday screen is homogeneous up to scales  45 kpc. Our upper limit to the pola-
rization of the relic indicates the presence of depolarization between 11 cm and 2 m,
which could be due to external fluctuations on scales smaller than 30 (82.5 kpc). A
fluctuation of just 10 rad m 2 in the foreground screen would result in several turns
of the polarized vector in the QU plane at 2 m. Both our Galaxy and a Faraday screen
local to the relic could be responsible for the observed depolarization between high
and low frequency. Further low-frequency observations with higher resolution are
needed in order to investigate this point in more detail. LOFAR, thanks to its high
resolution and sensitivity, will play a major role in such studies.
6.5 Summary and conclusions
We presented WSRT observations of the Coma cluster at a wavelength of about 2 m.
The final map covers a field of 13Æ:5 7Æ:5. Due to the good sensitivity of the mosaic
observation, we detect the well known halo (Coma C), the relic (B1253+275), and
the radio bridge connecting them. The extended diffuse emission associated with
Coma C surrounds the central maximum out to about 270 from the central radio
peak and even further towards west. The relic has a cross morphology, due to the
presence of the extended sources NGC4789 and 5C 04.034 towards the SW and NE,
respectively.
We produced a map subtracting the point sources and we computed the fluxes of
Coma C, B1253+275, and the bridge. The flux of the halo at 2 m, combined with the
measurements obtained at other frequencies and reported in the literature, supports
the in-situ acceleration model. For the relic, the spectrum is a power-law with a
spectral index of  =  1:19  0:06, while for the bridge we obtain  =  1:6  0:2.
Two new extended features are detected in the field of the cluster. The first is lo-
cated 900 east from the cluster center and has physical and spectral properties similar
to those of radio relics. Higher resolution observation of this structure are needed
in order to confirm this hypothesis. Another extended emitting region is detected to
the east of Coma C. The comparison of the 139 MHz with the 326 MHz flux of this
structure suggests that it should have a very steep spectrum (   2:1  0:3). An
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association of this feature with Coma C requires an irregular brightness distribution
for the outermost western regions of the halo, which could be due to re-acceleration
taking place at this location. Another possibility is that the new feature is not physi-
cally associated with Coma C, but is a Mpc-size diffuse structure (MDS), similar to
that found around A2255.
We determined the equipartition parameters for the halo, the relic, the bridge,
and the two new features. The comparison between the minimum pressure of these
structures with the pressure exerted by the external thermal plasma reveals that the
non-thermal components are strongly confined by the ambient gas.
There is no polarized emission associated with Coma in our RM-cube. Previous
studies revealed that only the relic is highly polarized. In our case we can only
set an upper limit of 19% to its polarization. Our results, compared to previous
studies, suggest that the depolarization of the relic should occur externally to the
source and should be the result of a foreground Faraday screen with cell sizes in the
range between 45 and 82.5 kpc.
Our total intensity and polarization results show that it is crucial to perform
further low-frequency observations with higher resolution to answer the still open
questions about the nature of the several features detected around Coma. A ma-
jor role in such investigations will be played by LOFAR, thanks to its wide low-
frequency range, high sensitivity, and good resolution.
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Summary and future perspec-
tives
7.1 Summary
The work carried out in this thesis was aimed at studying the physical properties
of the halos and the relics in two low-redshift galaxy clusters: A2255 and Coma.
They are well known clusters hosting important examples of diffuse extended radio
sources showing interesting properties. The most important results and conclusions
from this thesis can be summarized as follows:
 X-ray studies of A2255 and Coma revealed that they are in a perturbed dy-
namical state (Feretti et al. 1997a; Sakelliou & Ponman 2006; Briel et al. 1992;
White et al. 1993). This conclusion is supported by our radio maps, where both
clusters show many relic-like structures at large projected distance from the
cluster center (Figs. 2.1 and 6.3). Their morphological and spectral properties
and their location within the cluster (environment) suggest an association with
LSS-shocks (Chapter 2, pg. 46, and Chapter 6, pg. 192);
 the picture of galaxy clusters in the radio domain is much more complex than
what was previously known. The multi-frequency observations of A2255 and
Coma showed that they both host very steep-spectrum features around the
central radio halo (Chapter 3, pg. 69, and Chapter 6, pg. 189). Their nature is
puzzling. It is still not clear whether they should be considered halo-related
structures or examples of a new class of very steep-spectrum objects detectable
in clusters at very low frequencies only (Mpc-size diffuse structures, MDS);
 themorphology of halos, relics, and radio galaxies becomes progressivelymore
complex at low frequencies (Chapter 3, Figs. 3.3-3.5, and Chapter 6, Fig. 6.3).
Multi-frequency observations carried out with good resolution are crucial for
a better comprehension of their origin and evolution and their interaction with
the ICM;
 several studies of cluster radio sources in the literature have pointed out an
apparent pressure imbalance between internal minimum pressure and that of
the ambient medium (Morganti et al. 1988; Feretti et al. 1990; Dunn & Fabian
2004; Dunn et al. 2005; Bıˆrzan et al. 2008). The extended cluster radio sources
of A2255 and Coma show the same property (Chapter 3, pg. 88, and Chapter
6, pg. 197). The discrepancy between internal and external pressure could be
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partly due to projection effects, which affect the value of the external pressure
at the real location of the sources. Also the uncertainty associated with the
equipartition parameters could be an important factor. High values for the
ratio of protons and electrons (k  103   104) in galaxy clusters are suggested
to account for the discrepancy (Dunn & Fabian 2004; Dunn et al. 2005; Bıˆrzan
et al. 2008). They would imply the presence of a large amount of relativistic
protons in the ICM, favouring secondary models rather than primary models
for the origin of the electrons in radio halos;
 the radio halo of A2255 shows three bright and highly polarized filaments at
the borders. This apparently represented the first detection of a polarized halo
in the literature (Govoni et al. 2005). Through a rotation measure tomography
of the cluster, we proved that the filaments, in fact, lie at large distance from
the cluster center. Their morphological and polarimetric properties suggest
that they could be relics in the foreground of the cluster rather than part of the
radio halo (Chapter 4, pg. 137). This result proves that projection effects play
an important role in the study of the physical properties of galaxy clusters;
 in the presence of polarized cluster radio sources, RM-synthesis is the key tech-
nique to unveil the 3-D structure of galaxy clusters (Chapter 4);
 low-frequency studies in total intensity and polarization are challenging. The
stability of the ionosphere, as well as the incidence of RFI, influences the qua-
lity of the final results. These can be improved by means of available tech-
niques, such as peeling, correction for the ionospheric Faraday rotation, flag-
ging, etc... These processes are very computer and time intensive (Chapter 3,
pg. 53 and Chapter 4, pg. 105);
 at frequencies of 350 MHz our Galaxy dominates the polarized emission de-
tected in cluster fields at intermediate Galactic latitudes ( +35Æ). This allows
us to investigate in detail the physical properties of Galactic foregrounds at
these frequencies (Chapter 5), but makes the study of the polarization of clus-
ter sources more difficult (Chapter 4, pg. 118).
7.2 A2255 and Coma: open questions and future in-
vestigations
In the thesis we have often pointed out the importance of further low-frequency ob-
servations with good resolution and sensitivity to better understand the proprieties
of A2255 and Coma. LOFAR (the LOw Frequency Array) will play a major role in
such investigations. Its unprecedented sensitivity and resolution in the frequency
range 30-240 MHz will allow us to:
 understand the origin of the relativistic particles in radio halos. In the case
of A2255, for example, it is suggested that the radio galaxies could provide
the radio halo with the relativistic particles for its own emission (Feretti et al.
1997a). This is also indicated by our low-resolution observations at 85 cm and
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at 2 m, where the Beaver radio galaxy shows spectral index values at the end of
the tail similar to those of the southern regions of the halo (Fig. 3.17). A similar
situation has been found by Giovannini et al. (1993) for the Coma radio halo
and the radio galaxy NGC 4869. Better resolution and sensitivity are needed to
confirm this result;
 clarifywhether the origin of the radio halo of A2255 is compatible with primary
or secondary models. Our observations at 25, 85, and 200 cm show that there is
a clear flattening of the spectrum of the halo towards its periphery, due to the
presence of the filaments at this location. Our polarimetric results, however,
proved that these structures are not physically related to the radio halo, but
that their location at the cluster center is due to projection effects. Removing
the contribution of both the filaments and the radio galaxies embedded in the
halo is crucial to determine the spatial distribution of the spectral index. This is
an important parameter in the investigation of the origin of halo radio sources.
High resolution data are essential for this purpose;
 determine the range of physical distances from the cluster center at which the
filaments of A2255 could be located. This could help to clarify whether they
should be considered features related to merger or LSS shocks. To do this, we
need to know the detailed spatial variance in RM of these structures, as well as
their fractional polarization at low frequencies;
 reveal the origin of the observed depolarization of the cluster sources towards
low frequencies. By reducing, or even eliminating, the importance of beam de-
polarization, high resolution low-frequency observations could test whether
the depolarization is occurring internally to the sources or in a foreground
screen;
 detect and study the relic-like features imaged at large projected distance from
the centers of A2255 and Coma. By confirming a link of these structures with
LSS-shocks, this result will imply that the new generation of low-frequency
arrays will be able to reveal the cosmic web at radio wavelengths.
Together with deeper and higher resolution observations, simulations of the polari-
zed Galactic foreground emission in cluster fields will be essential. They will allow
low-frequency studies of cluster radio sources also at intermediate and low Galactic
latitudes, where the emission of our Galaxy dominates (Chapter 5).
7.3 The future of low-frequency observations of ga-
laxy clusters
The knowledge of the physics of the non-thermal components of galaxy clusters has
significantly increased during the past few years, thanks to the improved capabili-
ties of the available instruments. Detailed spectral index maps of a few radio halos
and relics, as well as deep X-ray observations of galaxy clusters, helped to inves-
tigate the connection between the non-thermal phenomena of the ICM and shock
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waves and turbulence in cluster environments. Important open questions are still
under debate. The theories on the origin of halos and relics need to be tested further,
since they fail in explaining many aspects of the observations. Although current
observational results favour primary models as the mechanism at the origin of the
particle acceleration in clusters, secondary models cannot be ruled out (see Sect. 7.1).
To reach a definitive conclusion, it is important to establish how common the non-
thermal phenomena of the ICM are in clusters. Do they occur in merging systems
only? In this case, why do not all the known merging clusters show the presence of
halos and relics? Are other physical effects playing a role in their formation, or do
we just need a higher sensitivity to detect them?
The occurrence of halos and relics in merging clusters is currently difficult to
establish, given the observational limitations of the available radio telescopes. Feretti
& Giovannini (2008) derived that, if present, Mpc-size halos in intermediate/low-
luminosity X-ray clusters (LX[0:1 2:4kev]  5  10
44h 2
70
erg s 1) would have a surface
brightness lower than the current limits obtained in the literature and in the NVSS.
At higher X-ray luminosities, more constraints on halo statistics have been obtained
by Brunetti et al. (2007) and Venturi et al. (2007) with 610MHzGMRT observations of
34 luminous (LX[0:1 2:4kev]  5 10
44h 2
70
erg s 1) clusters within redshifts 0:2  z  0:4.
The bulk of galaxy clusters does not show any diffuse radio halo emission, with
upper limits to the radio luminosity that are well below the P1:4GHz   LX;bol relation
derived from the previously known radio halos (see top panel of Fig. 1.3). This bi-
modality of cluster distribution in the P1:4GHz LX;bol plane supports primary models.
They predict a relatively fast ( 108 yr) transition of clusters from a radio quiet state
to the active phase, where they remain for  1 Gyr. A wider scatter in the correlation
is instead predicted in the case of secondary models, which, to be reconciled with the
observations, would require a significant dissipation of magnetic fields in clusters
(Brunetti et al. 2007).
Observations of halos and relics offer a unique opportunity to study large-scale
and inter-cluster magnetic fields. From detailed polarization information on the ICM
non-thermal components, Murgia et al. (2004) and Govoni et al. (2006) have been
able to estimate the strength and topology of cluster magnetic fields. The discrepant
results obtained by applying different methods suggest, however, that further inves-
tigations are needed in order to clarify what is the origin and evolution of cluster
magnetic fields.
On a general point of view, the improved knowledge on the non-thermal phe-
nomena of the ICM will have an impact on cosmology. If halos and relics are related
to cluster mergers, the study of the statistical properties of these sources will allow us
to test the current cluster formation scenario, giving hints on detailed (astro)physics
of large-scale structure formation (e.g. Evrard & Gioia 2002).
Complementary cosmological studies, as the EoR (epoch of re-ionization), will
benefit of these investigations. To detect the EoR signal one must remove the contri-
butions of halos and relics, which are the strongest diffuse extragalactic foreground
sources. This requires better modeling of the diffuse radio emission in clusters (Jelic´
et al. 2008).
To solve the problems reported above, an increased statistics and knowledge of
the physics of halos and relics is required. High resolution and high sensitivity ob-
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Low Band High Band
Figure 7.1: The spectrum of Coma C with superimposed the frequency range domain of
LOFAR (low band: 30–80 MHz, high band: 110–240 MHz).
servations are needed to achieve these goals. Given the steep spectra of halos and
relics, low-frequency radio observations with a good sensitivity are the key for their
detection. This is shown in Fig. 7.1, where the frequency coverage of LOFAR is su-
perimposed on the spectrum of Coma C (Chapter 6). Currently, instruments like the
VLA, the WSRT, and the GMRT are still playing an important role in such investi-
gations, thanks to their improved capabilities towards low frequencies. However,
a proper comparison between theoretical models and observations requires multi-
wavelength investigations of large statistical samples of diffuse radio sources. Cur-
rent telescopes require too long exposure-time per cluster ( 1   2 hours) to reach
the sensitivity needed for the detection of halos and relics. This makes statistical
analyses of diffuse radio emission in clusters extremely time-demanding.
The LOFAR array will enormously increase the detection rate of halos and relics.
It will cover the optimal wavelength domain for detecting these sources and will
achieve much higher sensitivities and resolutions than the current instruments at
such low frequencies. A LOFAR survey at 120 MHz (rms 0.1 mJy), covering half of
the sky is expected to detect  500 halos/relics up to z=1 (Ro¨ttgering 2003).
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7.4 The LOFAR cluster Surveys KSP
The science that can be conducted with LOFAR is very broad. A few key science
projects (KSP) have been designed. Among them, the Surveys KSP (SKSP) will ob-
serve large fractions of the sky with wide frequency coverage (Ro¨ttgering et al. 2006).
This project is therefore playing an important role in designing the first LOFAR ob-
servations. Different sub-projects, with different scientific goals, are part of the SKSP.
Cluster science is one of the main tasks and its observational and scientific goals are:
 survey of diffuse radio emission: the LOFAR surveys are expected to detect
about 350 giant steep-spectrum (   1:5) radio halos at redshifts z  0:6   0:7
(Cassano et al. 2009). This will allow an improvement in our understanding of
the statistical properties of giant radio halos and of their origin and evolution
with cosmic time;
 studying themerger-radio halo connection: X-ray cluster catalogs in the north-
ern hemisphere, such as NORAS and REXCESS (Bohringer et al. 2000) contain
more than 600 galaxy clusters in the redshift range z = 0   0:6 with X-ray and
optical information. Observing the brightest clusters of this sample with the
excellent sensitivity and the adequate spatial resolution offered by LOFARwill
allow us to address the connection between the formation of radio halos and
cluster mergers with unprecedented statistics;
 spectrum of radio halos: The shape of the spectrum of radio halos is an impor-
tant tool to understand the mechanisms responsible for particle acceleration in
the ICM (Brunetti 2003; Petrosian & Bykov 2008). Present observations fail in
providing solid constraints due to the small frequency range available. LOFAR
can easily detect the known radio halos and allow an accurate determination
of their flux density and spectra, with much better angular resolution than the
current facilities;
 spectral and polarization studies of radio relics: although a connection be-
tween shocks and relics is nowwell accepted, it is not yet clear whether the ori-
gin of relics is due to shock acceleration of thermal particles (Enlin et al. 1998;
Roettiger et al. 1999) or to re-energization of “ghost” relativistic plasma re-
leased by AGN in clusters through the shock passage (Enlin & Gopal-Krishna
2001). Since these models have different expectations on the polarization and
synchrotron spectrum , low-frequency observations are the key to test them.
The very steep-spectrum emission left behind the shock passage will also be
imaged at low frequencies. This will allow the study of both the dynamics of
the shock and the amplification of the magnetic fields (Roettiger et al. 1999;
Clarke & Enlin 2006; Markevitch et al. 2005; Giacintucci et al. 2006).
To achieve the aforementioned goals, two sets of observations should be performed:
 nearby clusters at 30, 60, 120, and 200 MHz. These observations are crucial to
test the available pipelines for the data reduction and to improve them in order
to image the diffuse extended cluster emission;
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 survey of the northern hemisphere at 15, 30, 60, 120, 200 MHz. This survey
should unveil the diffuse synchrotron emission in galaxy clusters from both
halos and relics, up to a redshift z  1. Spectral index information on the
detected emission will be obtained, providing constraints on the origin and
evolution of radio halos.
7.5 Technical issues
To achieve the scientific goals that drive the cluster SKSP, it is crucial to test the
capabilities of the available software developed for the LOFAR data reduction. The
technical issues related to the imaging of extended cluster radio emission can be
summarized as follows:
 RFImitigation: to have high-fidelity images for large angular size structures, it
is important to recover all the possible information from short baselines in the
presence of severe RFI. New pipelines for automatic data flagging have been
recently developed and need to be tested (Offringa et al. 2009);
 ionospheric calibration: the ionospheric conditions below 70 MHz are poor
and not well constrained. It is important to test them in order to improve the
available calibration schemes (such as SPAM, Intema et al. 2009). LOFAR ob-
servationswill require better ionospheric TEC (total electronic content) models,
that are essential for ionospheric refraction and Faraday rotation predictions.
 polarization calibration: full polarization calibration across the primary beam
is needed in order to perform RM-synthesis on large-scale diffuse emission;
 dynamic range and confusion limit: dynamic range and confusion limit issues
need to be addressed by combining multi-frequency LOFAR observations of
clusters containing both bright and diffuse radio sources.
 wide field imaging, peeling, etc.: the LOFAR surveys will face issues related to
the imaging of wide fields of view, which are heavily affected by off-axis errors.
Peeling and ionospheric modeling are new approaches that will be needed to
achieve good scientific results.
The properties shown by A2255 and Coma in polarization and total intensity make
them excellent targets for pioneering LOFAR observations.
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Wat men niet begrijpt, bezit men niet.
Johann Wolfgang Goethe, Maximen und Reflexionen, 1833.
De mens heeft altijd willen weten wat zijn oorsprong is en hoe deze is gerela-
teerd aan het heelal. Hij heeft dit op verschillende manieren geprobeerd: is er een
religieuze achtergrond of een wetenschappelijke? Vaak heeft de mens zijn vragen
en antwoorden in de literatuur en beeldende kunst uitgedrukt door middel van
gedichten en verhalen, het maken van tekeningen, schilderijen en sculpturen van
geweldige omvang en schoonheid. De wetenschappelijke aanpak is natuurlijk een
van de beste benaderingen om goede en directe antwoorden te vinden. Dit is de
reden waarom ik ongeveer negen jaar geleden de wetenschap ben gaan bestuderen
met als resultaat de onderwerpen die in dit proefschrift beschreven zijn.
Deze samenvatting heeft als doel in het kort de resultaten weer te geven van mijn
werk van de afgelopen vier jaar, waarbij ik de onderwerpen van dit proefschrift in
een voor iedereen begrijpelijk en makkelijk leesbaar geheel probeer samen te vatten.
Om de details van mijn werk te begrijpen, is het zeer nuttig eerst een globaal idee te
geven van hoe het universum waarin we leven is georganiseerd.
8.1 De mensheid in het universum
We leven op een planeet, die Aarde heet. Onze planeet reist met een snelheid van
ongeveer 30 kilometer per seconde rond een ster, genaamd Zon. Samen met nog 7
andere planeten die rond de zon bewegen, vormt dit geheel het zonnestelsel. Het
is belangrijk onderscheid te maken tussen een ster en een planeet. Een ster is een
kosmische massa die licht geeft (straling), terwijl een planeet licht reflecteert van een
in de buurt staande ster.
Wanneer wij naar de hemel kijken tijdens een heldere nacht, raken we overdon-
derd door het aantal sterren dat we met het blote oog kunnen zien. Globaal kun-
nen we zien dat de sterren niet gelijkmatig in de ruimte verdeeld zijn, maar dat
er gebieden zijn met een opeenhoping van sterren en ook gebieden waarin er veel
minder sterren te zien zijn. Een gebied met veel sterren dat men kan zien tijdens
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Figure 8.1: Het zonnestelsel. Bron: NASA.
Figure 8.2: DeMelkweg zoals wij hem zien in een heldere zomernacht. Bron: Richard Payne.
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Figure 8.3: In deze afbeelding van de “Sombrero” nemen we aan dat deze onze Melkweg
representeert (gefotografeerd door de Hubble Space Telescope). De zon ligt in de periferie
van de Melkweg op ongeveer 26.000 lichtjaren van het centrum.
een heldere zomernacht, heeft de vorm van een verlicht pad hoog boven de horizon
(zie Fig. 8.2). De aanblik van dit verlichte pad heeft de oude beschavingen bezig
gehouden en men heeft dit spoor van licht melkpad genoemd (Melkweg) In deze
opeenhoping zag men het beeld van een godin die haar zoon melk gaf en daarbij
een spoor van melk heeft verloren. Wanneer we naar de Melkweg kijken met een
telescoop, realiseren we ons dat deze bestaat uit duizenden en duizenden sterren,
die we met het blote oog niet kunnen waarnemen. De sterrenkunde onthulde dat
wat we zien niets anders is dan een clustering van sterren, waartoe ook de zon en
wij behoren: de Melkweg. Behalve sterren bevat deze ook stof en gassen, die allen
bij elkaar worden gehouden door de zwaartekracht. De Melkweg is slechts e´e´n van
de miljarden sterrenstelsels, die in het universum bestaan. Elk van hen is een com-
plex systeem. De grootsten van deze stelsels bevatten honderden miljarden sterren
en hebben een diameter van enige honderdduizenden lichtjaren. Dit betekent dat
het licht, dat zich verplaatst met een snelheid van 300.000 meter per seconde, er
honderdduizenden jaren over doet om van de ene naar de andere kant van het ster-
renstelsel te komen. De vormen van sterrenstelsels zijn gevarieerd, maar vele van
hen, waaronder de Melkweg, hebben de vorm van een schijf met een kern in het
centrum (zie Fig. 8.3). De sterren verplaatsen zich daarbij met hoge snelheden rond
de kern van het zonnestelsel. Ons zonnestelsel is gelokaliseerd in de periferie van de
Melkweg op een afstand van ongeveer 26.000 lichtjaren van het centrum en de zon
beweegt zich hieromheen met een snelheid van 250 kilometer per seconde.
Sterrenstelsels kunnen zich geı¨soleerd van elkaar bevinden met afstanden van
wel 2 of 3 miljoen lichtjaren (in dit geval worden zij “veld-stelsels” genoemd), maar
in vele andere gevallen zijn de stelsels gegroepeerd in groepen of clusters van sterren-
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Figure 8.4: De cluster ZWCl 0024+1652. Bron: NASA/ESA/HST.
stelsels. Deze clusters kunnen uit enkele tientallen tot duizenden stelsels bestaan,
die allen door de zwaartekracht bijeengehouden worden (zie Fig. 8.4). In clus-
ters bevindt zich een aanzienlijke hoeveelheid heet gas, dat men het ”intracluster
medium” of ”ICM” noemt. Binnen een cluster bewegen de stelsels allemaal, waarbij
ze ook met elkaar in botsing kunnen komen. De effecten van een botsing kunnen
gevarieerd zijn: de sterrenstelsels kunnen gedeformeerd en gedeeltelijk vernietigd
raken of versmelten tot een nieuw stelsel.
Clusters kunnen op hun beurt weer deel uitmaken van grotere structuren: de
zogenaamde superclusters. In dit geval zijn de clusters in de supercluster verbon-
den door “filamenten” van sterrenstelsels. De geometrie hiervan noemt men het
“kosmische web” (zie Fig. 8.5). Binnen elke supercluster kunnen botsingen van ster-
renstelsels voorkomen. Deze botsingen veroorzaken schokken en bewegingen in het
ICM waarbij enorme hitte en straling vrijkomt. Straling kan ook afgegeven worden
door het ontstaan van schokken, die optreden bij de samensmelting van materiaal,
dat zich langs de filamenten naar het stelsel verplaatst. Deze samensmelting is niet
zichtbaar via een telescoop, maar kan gezien worden door gebruik te maken van







Figure 8.5: Simulatie van het kosmische web, die de grote schaal van het helaal voorstelt. Uit
het “Millennium simulation” onderzoek.
andere instrumenten (zie Hfst. 8.2-8.3).
8.2 Het elektromagnetische spectrum en de astro-
nomische kleuren
De ruimte om ons heen is gevuld met vele deeltjes met een elektrische lading, de
zogenaamde “elektronen”. Een stilstaand elektron genereert een elektrische kracht
(het elektrische veld) om zich heen, dat in sterkte afneemt naarmate de positie groter
wordt. Een regelmatig bewegend (oscillerend) elektron produceert in de ruimte om
hem heen een variabel elektrisch veld, veroorzaakt door de veranderende afstand
van het elektron gedurende het oscillatie proces. Een varie¨rend elektrisch veld pro-
duceert een magnetisch veld. De oscillatie van een elektrisch veld (en dus ook het
magnetische veld) plant zich voort vanaf het elektron en produceert elektromagne-
tische golven. Een tweede elektron dat zich op een bepaalde afstand van het eerste
elektron bevindt zal, door de uitgezonden elektromagnetische golf van het eerste
elektron, ook gaan oscilleren. Hierdoor zal het tweede elektron eveneens een elek-
tromagnetisch veld veroorzaken, waardoor de golf zich verder verspreidt. Het licht
gedraagt zich exact op deze wijze.
In het licht vindt de oscillatie van het elektrische en magnetische veld in diverse
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Figure 8.6: Het elektromagnetisch spectrum. Bewerkte afbeelding, afgeleid van een NASA-
afbeelding.
richtingen plaats. Wanneer de geladen deeltjes slechts in e´e´n richting vibreren,
spreekt men van gepolariseerd licht.
Elektromagnetische golven hebben een bepaalde golflengte (). De deler van de
golflengte (1=) noemen we frequentie. Dit geeft aan hoe snel het elektromagneti-
sche veld oscilleert. Hoe hoger de frequentie van een golf is (en dus hoe korter de
golflengte), hoe groter de energie in die golf is. Alle verschillende, in de natuur
voorkomende elektromagnetische golven, zijn gegroepeerd in het zogenaamde
“elektromagnetische spectrum” (zie Fig. 8.6). Straling met verschillende golflengtes
(of frequenties) worden door verschillende instrumenten gedetecteerd.
Het zichtbare licht, dat door het menselijke oog kan worden waargenomen, heeft
een golflengte tussen 380 en 760 nanometer (eenmiljardstemeter). Onder de kleinere
golflengtes vallen de ultraviolette golven, en de ro¨ntgen- en gammastraling. Deze
hebben allen hogere frequenties dan het zichtbare licht en daarom ook een hogere
energie. Aan de ander kant van het spectrum bevinden zich de infrarode-, de radio-
enmicrogolven. Deze hebben een langere golflengte dan het zichtbare licht en hebben
daarom een lagere frequentie en daarmee samenhangend een lagere energie.
Het heelal bevat alle soorten voorkomende straling; van radio- tot gammastra-
ling. Deze verplaatsen zich met de lichtsnelheid door de kosmische ruimte en be-
reiken ons sterrenstelsel. Door de aanwezigheid van de dampkring rond de aarde
worden, gelukkig voor ons, de meest gevaarlijke (ro¨ntgen- en gammastraling) te-
gengehouden, terwijl de andere tot op aarde doordringen. Dit heeft echter als con-
sequentie dat, wanneer we het universum met gebruikmaking van de gamma- en
ro¨ntgen-stralingwillen bestuderen, we onze instrumenten daarvoor buiten de damp-
kringmoeten brengen. Dit is niet nodig wanneer we radiostraling willen bestuderen,
omdat deze door onze dampkring kunnen.
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8.3 Radiosterrenkunde en Radiotelescopen
Het bestuderen van het voor het menselijk oog zichtbare licht van het universum is
natuurlijk reeds in de klassieke oudheid begonnen. De hemel heeft altijd een grote
aantrekkingskracht op de antieke beschaving gehad. Naast verbazing en verwon-
dering kreeg de mensheid heel snel de wil om te begrijpen en op een meer weten-
schappelijke manier de verschijnselen aan de hemel te verklaren. Astronomie is
geboren! Met de technologische vooruitgang en de daaruit voortvloeiende verbe-
tering van de wetenschap, heeft astronomie zich enorm gespecialiseerd en is ver-
schillende richtingen uitgegroeid: optische sterrenkunde, gamma sterrenkunde, ro¨ntgen
sterrenkunde, radiosterrenkunde etc. Elke tak van sterrenkunde gebruikt zijn eigen in-
strumenten en technieken om het universum te bestuderen. De studie van een
astronomisch verschijnsel met gebruikmaking van slechts e´e´n van de takken is niet
voldoende om de oorsprong goed te kunnen doorgronden en te verklaren. Dit kan
alleen gedaan worden door de verschillende waarneemtechnieken en manieren te
combineren. Het doel van het waarnemen is de fysica van hemellichamen te door-
gronden en hun evolutie te voorspellen.
Radiosterrenkunde bestudeert het universum, gebruikmakend van signalen op
een golflengte varie¨rend tussen 1 centimeter en 10 meter. Golven met een golflengte
langer dan 10 meter worden door de dampkring gereflecteerd, terwijl golven met
een golflengte korter dan 1 cm door de waterdamp in de atmosfeer worden geab-
sorbeerd. Radiosterrenkunde is een relatief nieuwe tak van sterrenkunde. Des-
ondanks heeft deze jonge wetenschap (radiosterrenkunde) belangrijke fenomenen
kunnen bestuderen. Zo heeft het onder andere de ontdekking van compacte sterren
blootgelegd en heeft het ook aanwijzingen voor het bestaan van zwarte materie in
het universum geleverd hetgeen een fundamenteel onderdeel van sterrenstelsels en
clusters is.
Het instrument dat de radiogolven van de hemellichamen detecteert, is de ra-
diotelescoop. Deze instrumenten zijn gewoonlijk enorm groot, omdat ze met een
goede resolutie de zwakke kosmische radiosignalen moeten kunnen opvangen. De
radiotelescoop kan verschillende vormen hebben, maar de meest conventionele is
de schotel. In Fig. 8.7 staat een foto van de Arecibo radiotelescoop, e´e´n van de groot-
ste ter wereld. Zijn diameter is ongeveer 300 meter! Door de toenemende vraag
om hemellichamen met betere, hogere resolutie te kunnen bestuderen en om ook
verder in het universum te kunnen kijken, werd het duidelijk dat er instrumenten
met steeds grotere diameters moesten worden ontwikkeld. Met de ontwikkeling
van waarnemingtechnieken zoals de interferometrie werden nieuwe radiotelescopen
gebouwd, die uit meerdere schotels bestaan, die gezamenlijk hetzelfde hemellichaam
bestuderen. Deze telescopen worden “radio-interferometers” genoemd en vormen
tezamen als het ware e´e´n grote radiotelescoop. In Fig. 8.8 zie je de Westerbork
radio-interferometer (WSRT), het instrument dat voor dit proefschrift is gebruikt.
De radiosterrenkundigen beperken hun wetenschappelijk onderzoek niet alleen tot
het simpele “luisteren” naar de radiosignalen uit het heelal. De door de radiotele-
scoop ontvangen radiogolven worden verzameld, versterkt, gezuiverd van ruis en
tenslotte door programma’s bewerkt, die uiteindelijk hoge resolutie afbeeldingen
geven van de hemellichamen dat de radiotelescoop heeft waar genomen.
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Figure 8.7: De Arecibo radiotelescoop.
8.4 De radio straling in het universum: synchrotron
straling
Ee´n van de belangrijkste mechanismen dat de radiogolven van hemellichamen pro-
duceert, is het synchrotron mechanisme. Synchrotronstraling treedt op wanneer bin-
nen een radiobron de elektronen inwerken opmagnetische velden. Om deze straling
beter te kunnen begrijpen, is het nuttig om het magnetische veld te visualiseren met
behulp van de zogenaamde magnetische krachtlijnen. Op deze lijnen is het mag-
netische veld constant. De elektronen bewegen in een spiraalvorm rond de mag-
netische krachtlijnen en worden hierbij versneld. Tijdens dit proces geven ze straling
af (zie Fig. 8.9). De kracht van deze straling wordt bepaald door de energie die de
elektronen opwekken en de sterkte van het magnetische veld waarin zij worden ver-
sneld. In het universum hebben we altijd te maken met zwakke magnetische velden,
zodat de bijbehorende synchrotronstraling ook zwak is, wat typerend is voor radio-
golven. Synchrotron straling is zeer belangrijk in de sterrenkunde, omdat deze in-
formatie geeft over de fysica van de radiobronnen: over hun magnetisch veld, hun
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Figure 8.8: De WSRT radio-interferometer, die gebruikt is voor dit proefschrift.
leeftijd en de mechanismen die de bron hebben doen ontstaan. Ee´n van de belang-
rijkste kenmerken van synchrotronstraling is de hoge polarisatie graad.
8.5 Dit proefschrift
In dit proefschrift hebben we de door clusters geproduceerde synchrotronstraling
waargenomen en bestudeerd. De hemellichamen die radiogolven in deze clusters
produceren, zijn voornamelijk: radiosterrenstelsels en het ICM (het medium tussen
de stelsels).
8.5.1 Radiosterrenstelsels
Radiosterrenstelsels zijn stelsels die worden gekenmerkt door enorm grote hoeveel-
heden radiostraling (100 keer meer dan andere stelsels). Het eerste radiosterren-
stelsel is ontdekt in de jaren dertig van de vorige eeuw in het sterrenbeeld Cygnus
(zwaan) en wordt aangeduid als Cygnus A (zie figuur (boven) 8.10). Dit stelsel
geeft radiostraling af die een miljoen maal sterker is dan ons sterrenstelsel . Met
de ontwikkeling van de radiotelescoop en de radio-interferometer zijn er veel meer
228 chapter 8: Samenvatting
Figure 8.9: De door een elektron afgegeven synchrotronstraling die zich spiraalvormig langs
de krachtlijnen van een magnetisch veld beweegt. Bron: http://www.astronomyonline.org.
radiosterrenstelsels geı¨dentificeerd, zoals Messier 82, Messier 87 en Centaurus A.
De radiosterrenstelsels hebben doorgaans zeer grote afmetingen (miljoenen licht-
jaren) en er huist in het centrum altijd een optisch stelsel, dat we het moederstelsel
noemen. De deeltjes die radiostraling produceren worden gevormd in het centrum
van dit stelsel in de buurt van het zwarte gat. In het zwarte gat worden door de con-
sumptie van grote hoeveelheden materie enorme hoeveelheden energie opgewekt.
Dichtbij het zwarte gat ontstaan dunne straalstromen van materie, die twee enorme
lobben voeden die meestal loodrecht staan op de richting van de schijf van de moe-
derstelsel (zie figuur (onder) 8.10). Deze lobben strekken zich soms tot miljoenen
lichtjaren in de ruimte uit, tot ver over de grenzen van het moederstelsel. De lobben
bevatten elektronen en magnetische velden en produceren sterke synchrotronstral-
ing.
Wanneer de straalstromen op het gas in de cluster (het ICM) botsen, worden
ze afgeremd en blijven ze achter bij het moederstelsel. Hierdoor worden de zoge-
naamde kop-staart radiosterrenstelsels gevormd. De twee stralen, geproduceerd in het
centrum van het moederstelsel, worden onder druk van het externe medium gebo-
gen en vormen een lange staart radiostraling achter het stelsel (zie Fig. 8.11).
Wanneer we de synchrotronstraling, die van de verschillende radiosterrenstelsels
komt, bestuderen kunnen we hieruit belangrijke informatie over hun oorsprong en
evolutie afleiden. Bovendien stelt de interactie tussen de radiostraling en het ICM
ons in staat, belangrijke hypothesen over de dynamiek en de fysica van de sterren-
stelsels en clusters te formuleren.
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Figure 8.10: Boven: afbeelding van Cygnus A op 5 GHz (Perley et al. 1984). Onder: Afbeeld-
ing van het moederstelsel in de kern.
8.5.2 Halo’s en Fossielen
Belangrijke componenten van de radiostraling in clusters zijn de zogeheten halo’s en
fossielen.
Halo’s zijn grote radiobronnenmet een regelmatigemorfologie (vooral bolvormig)
die zich in het centrum van clusters bevinden. Hun straling is niet gepolariseerd.
Fossielen hebben ook grote afmetingen, maar bevinden zich gewoonlijk in de peri-
ferie van clusters, en zij hebben een langgerekte morfologie en sterk gepolariseerde
radiostraling (zie figuur 8.12). Men neemt aan dat turbulentie en schokken die tij-
dens vroegere grootschalige gebeurtenissen in de clusters plaatsgevonden hebben,
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Figure 8.11: Het ”kop-straat” radiosterrenstelsel 3c129 op 300 MHz (Lane et al. 2002).
de oorsprong van deze bronnen is. Deze vroegere gebeurtenissen hebben enorme
hoeveelheden energie in het ICM laten vrijkomen. Hierdoor zijn de elektronen ver-
sneld die in interactie met magnetische velden de waargenomen straling hebben ge-
produceerd. Het detecteren van en het bestuderen van halo’s en fossielen in radio-
clusters is interessant, omdat zij bewijzen dat er op grote schaal magnetische velden
in het ICM bestaan. Het bestuderen van de gepolariseerde straling in halo’s en fos-
sielen is een belangrijkmiddel omde oorsprong en de evolutie van dezemagnetische
velden te doorgronden. Daarnaast leveren halo’s en fossielen het directe bewijs dat
sterrenstelsels zich een dynamische toestand bevinden. Het onderzoek in het alge-
meen naar de aanwezigheid van halo’s en fossielen in sterrenstelsels is nuttig om de
evolutie van het universum te bestuderen. Tot dusver zijn halo’s en fossielen niet
in alle bekende clusters waargenomen en zelfs niet in alle clusters die zich in een
verstoorde toestand bevinden. Gangbare theoriee¨n zijn niet in staat om dit te recht-
vaardigen. Het is daarom belangrijk dit op grote schaal te onderzoeken, structuren
te onttrekken om de theoriee¨n te kunnen bewijzen en om waargenomen resultaten
ook theoretisch te kunnen reproduceren.
Een van de meest gangbare kenmerken van halo’s en fossielen is, dat zij
voortkomen uit zeer oude elektronen (honderden miljoenen jaren) die een zeer lage
energie hebben. Deze kunnen we alleen met behulp van lage radio frequentieobser-
vaties waarnemen. Daarom zijn de voor dit proefschrift uitgevoerde waarnemingen
tussen 1.4 GHz and 150 MHz, gedaan. De waarnemingen van deze bronnen repre-
senteren een tot nu toe haast niet onderzocht terrein van de radiosterrenkunde. Pas
sinds korte tijd zijn de radio-interferometers uitgerust met ontvangers op lage fre-
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Figure 8.12: De radiostraling van sterrenstelsel Abell 2255.
quenties. De redenen hiervoor hebben te maken met diverse problemen die er zijn
bij waarnemingen op lage frequenties. Het is daarom belangrijk om deze problemen
op te lossen om tot goede wetenschappelijke resultaten te kunnen komen. Dankzij
slimme computerprogramma’s en snelle computers is het mogelijk om dit op een
effectieve manier aan te pakken.
8.6 Lage frequentie radio waarnemingen: proble-
men en oplossingen
Een van de hoofdoorzaken die waarnemingen bij lage frequentie moeilijk maken, is
de ionosfeer. De ionosfeer is de buitenste laag van de dampkring. De ionosfeer is
het deel van de atmosfeer dat op een hoogte van ongeveer 50 - 450 km boven de
aarde ligt. Deze laag bevat een grote hoeveelheid geladen deeltjes, die door de in-
teractie tussen de straling van de zon en de gassen in de ionosfeer ontstaan. Boven-
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dien varie¨ert de hoeveelheid geladen deeltjes gedurende de dag. In de nacht, bij-
voorbeeld, bereikt het een minimum. De ionosfeer is daarom geen homogene laag,
maar een onstuimige laag. Dit betekent dat de fysieke samenstelling van de iono-
sfeer kan wisselen terwijl de elektromagnetische golf deze laag passeert.
De verandering in de dichtheid van de elektronen gedurende de dag maakt de
studie van de polarisatie van de hemellichamenmoeilijk, vanwege het fenomeen dat
“ionosferische Faraday rotatie” heet. Wanneer een radiosignaal door de ionosfeer
dringt, draait de richting waarin het elektrische veld vibreert. Wanneer gedurende
een waarneming (welke enkele uren kan duren) de rotatie erg groot is, kan men een
volledige depolarisatie van de elektromagnetische golf krijgen. Dit effect is vooral
belangrijk bij lage frequenties, omdat de rotatie hier namelijk sneller plaatsvindt.
Om dit probleem te verhelpen, is het mogelijk om modellen te ontwikkelen voor
de ionosferische rotatie. Wanneer men informatie heeft over de veranderingen van
de elektroneninhoud van de ionosfeer gedurende de waarneming, is het mogelijk
de ionosferische rotatie van het radiosignaal te reproduceren en de vervorming te
corrigeren. Op deze manier blijft het originele signaal, dat een radio-interferometer
buiten de ionosfeer zou ontvangen, over.
Ook de ionosferische turbulentie maakt waarnemingen bij lage frequenties moei-
lijk. Radiosignalen die de ionosfeer op verschillende plaatsen (waar het verschil-
lende dichtheden heeft) doorkruisen, worden op verschillende manieren beı¨nvloed.
De gebruikte technieken om de signalen te ontvangen corrigeren dit effect niet, met
als gevolg dat de afbeeldingen in het algemeen vol imperfecties zitten. Om de af-
beeldingen te verbeteren, moet men tijdens het produceren hiervan zeer hoog ont-
wikkelde technieken gebruiken, die rekening houdenmet de ionosferische turbulen-
tie en de verschillende delen van het geobserveerde veld corrigeren. Pas de laatste
jaren zijn dergelijke technieken geı¨mplementeerd.
Problemen met lage frequentie waarneem technieken zijn ook te wijten aan de
karakteristiek van de radiohemel. Hierin bevinden zich sterke bronnen van radio-
golven die, hoewel zij op grote afstand van het waargenomen object liggen, ver-
storingen veroorzaken in de afbeelding. Om de afbeeldingen te verbeteren, is het
nodig om de verstoringen van het totale door de radiotelescoop ontvangen radiosig-
naal te verwijderen. Ook deze technieken zijn tegenwoordig voorhanden, maar zij
vereisen zeer veel bewerkingen via de computer.
Ook door de mens voortgebrachte radio-interferenties kunnen de kwaliteit van
de data aantasten. Om de data te verbeteren, is het noodzakelijk deze interferen-
ties te verwijderen. Als men op hoge frequenties werkt, is dit een tijdverslindend
proces, omdat het een grondige, handmatige inspectie van het signaal vereist. De
lage frequentiedata hebben een groot volume (van wel een paar Terabyte) en daarom
moeten de inspectie en de verbeteringen van de data geautomatiseerd worden. Deze
technieken zijn vooral de laatste jaren ontwikkeld en zijn aan voortdurende verbe-
teringen onderhevig, vooral om de duur van de analyse te verkorten.
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8.7 De bestudeerde clusters in dit proefschrift
De clusters die bestudeerd zijn gedurende de periode van dit onderzoek zijn Abell
2255 en Coma. In de volgende twee hoofdstukken zullen we de belangrijkste eigen-
schappen van deze twee clusters omschrijven en de belangrijke informatie die we
hierover verzameld hebben.
8.7.1 De cluster Abell 2255
Abell 2255 staat op ongeveer 900 miljoen lichtjaar van de aarde. Het is waargenomen
in alle frequentiebanden van het elektromagnetische spectrum. Elke waarneming
heeft tekenen van grote dynamische activiteit laten zien, die veroorzaakt zijn door
een heftige gebeurtenis van 150 miljoen jaar geleden. Als we met een optische tele-
scoop naar Abell 2255 kijken, zien we in het centrum de aanwezigheid van talrijke
sterrenstelsels samen met kleine sterrengroepen, die op ongeveer 300 duizend licht-
jaar van het centrum rondbewegen. Als we met een radiotelescoop naar Abell 2255
kijken, zien we een halo in het centrum en een fossiel in de periferie (zie figuur
8.8). De halo heeft een rechthoekige vorm en heeft aan de grenzen drie heldere fila-
menten, die haaks op elkaar staan. Onze interesse voor dit stelsel is in 2005 gewekt,
na de ontdekking dat de drie heldere filamenten zeer hoog gepolariseerd zijn. Dit
betekende namelijk de eerste detectie van een gepolariseerde halo in het universum
en daarom is het belangrijk om het ontstaan hiervan te onderzoeken.
De studie naar de spreiding van de clusters rond Abell 2255 heeft onthuld, dat deze
cluster zich binnen een grote Supercluster bevindt dat de “North Ecliptic Pole Super
Cluster” (NEPSC) wordt genoemd. Deze bevat, behalve Abell 2255, tenminste nog
21 andere clusters. De interactie tussen Abell 2255 en andere clusters zou bij uitstek
signalen moeten produceren, die we met lage frequentie waarnemingen kunnen de-
tecteren.
Om deze aspecten te onderzoeken, zijn we begonnen met waarnemingen op
Abell 2255 met de WSRT radio-interferometer. De resultaten van deze waarneming-
en hebben onze algemene kennis van halo’s en fossielen in clusters verrijkt.
Door de studie op 1.4 GHz van de polarisatie van de filamenten en van de radioster-
renstelsels in de cluster, zijn we in staat om te bewijzen dat de filamenten geen deel
uitmaken van de halo’s. Ze zijn verschijnselen op de voorgrond, die door het diepte-
effect in het clustercentrum lijken te staan. Het feit dat zij zeer hoog gepolariseerd
zijn en een langwerpige morfologie hebben, suggereert dat zij fossielen zijn en geen
deel uitmaken van de centrale halo’s. Om deze resultaten te verkrijgen, hebben
we een nieuwe analysetechniek gebruikt van de polarisatie van het radiosignaal,
genaamd RM-synthese. Onze studie is het eerste voorbeeld van doelmatige toepas-
sing van deze techniek op clusters en het lijkt erop te wijzen dat RM-synthese de
beste techniek is om de driedimensionale structuur van clusters te determineren.
(zie Hfst. 4).
Belangrijke resultaten zijn tevens behaald door de studie in de gepolariseerde stra-
ling van Abell 2255 op 350 MHz. In dit geval worden de observaties bemoeilijkt,
omdat de emissie van de Melkweg domineert. Deze emissie zit als een sluier in
tussen het op de achtergrond bevindende A2255 en de radiotelescoop. Dit maakt
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het moeilijk om de cluster te bestuderen, maar het geeft ons de mogelijkheid om in
deze frequentie diverse zaken te leren, die in relatie met de structuur van ons ster-
renstelsel staan (zie Hfst. 5).
Tevens hebben de waarnemingen op 350 MHz onthuld dat Abell 2255 filamen-
taire structuren op grote afstand van het centrum heeft (zie Hfst. 2). Hun geome-
trie, locatie en fysische eigenschappen wijzen erop, dat zij zijn gevormd door de
aantrekking van materie van de buitenkant naar de binnenzijde van het stelsel. Dit
is een van de eerste waarnemingen op deze wijze in de radioastronomie en het lijkt
erop dat vooral de radiowaarnemingen op lage frequenties de sleutel zijn om derge-
lijke structuren te detecteren en, meer in het algemeen, om zo het “kosmische web”
in beeld te brengen.
Op 150 MHz laat Abell 2255 een interessant verschijnsel zien ten noordwesten
van de halo (zie Hfst. 3). Het bestuderen hiervan heeft aangetoond, dat zeer oude
en zeer laag geladen elektronen verantwoordelijk zijn voor de radio-emissie. Deze
elektronen zijn niet typerend voor de halo’s noch voor de fossielen. Bovendien is
het door hun morfologie en hun plaats moeilijk te rijmen met degenen die type-
rend zijn voor halo’s en fossielen. Onze conclusie is dat dit een nieuwe structuur is
(wat wijMega-parsec size Diffuse Structure, MDS noemen), die we tot nu toe nog niet
eerder in clusters hebben waargenomen. Alleen bij lage frequenties kunnen derge-
lijke waarnemingen gedaan worden.
De vergelijking tussen de waarnemingen bij 1.4 GHz en 350 MHz hebben een be-
langrijke eigenschap onthuld van e´e´n van de kop-staart radiosterrenstelsels in Abell
2255. Deze heeft een staart, die tussen deze twee frequenties veel groter wordt, over
een afstand van 300.000 tot 3 miljoen lichtjaar! Dit betekent dat de elektronen aan
het einde van de staart oud zijn, omdat zij alleen op de laagste frequenties (energie)
detecteerbaar zijn. Een interessant aspect is dat er in het aangrenzende deel van de
halo elektronen zijn met precies dezelfde eigenschappen. Deze zijn waarschijnlijk
door het radiosterenstelsel aan de Halos geleverd. Dit is tegenwoordig de gangbare
theorie die de oorsprong van de elektronen in de radiohalos verklaard.
8.7.2 De Coma cluster
De Coma cluster bevindt zich op ongeveer 300 miljoen lichtjaar van de aarde. Het
is een van de meest bestudeerde clusters. In het begin was de Coma beroemd, om-
dat zij werd beschouwd als het prototype van een rustige, niet dynamische cluster.
Gedetailleerde studies van de ro¨ntgen- en de radioband hebben echter laten zien,
dat dit stelsel zich in een verstoorde dynamische toestand bevindt.
Bij bestudering van radiogolflengten, laat Coma de aanwezigheid van een halo en
een fossiel zien. Beide structuren zijn in detail bestudeerd. Onze waarnemingen
hebben structuren laten zien die lijken op wat we hebben gedetecteerd in Abell 2255:
een filament op grote afstand van het centrum van de cluster en het verschijnsel MDS
(zie Hfst. 6). Dit bewijs ondersteunt dat sterrenstelsels nog zeer veel zaken op lage
frequenties zullen onthullen.
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Figure 8.13: De LOFAR antennes in Europa.
8.8 De laagste frequenties: LOFAR
Onze resultaten in Abel 2255 en Coma hebben veel twijfels weg kunnen nemen.
Nieuwe vragen zijn gerezen en om die te kunnen beantwoorden moeten we werken
met waarnemingen op frequenties die lager zijn dan degene die door WSRT kunnen
worden uitgevoerd. Dergelijk nieuw onderzoek kan ons beelden met hogere reso-
lutie en van verder weg gelegen objecten opleveren. Zulk onderzoek kan gedaan
worden met LOFAR, een nieuwe radio-interferometer die momenteel gerealiseerd
wordt.
LOFAR is een instrument dat bestaat uit duizenden antennes verspreid door Eu-
ropa (zie Fig. 8.13). Door met deze antennes gelijktijdig een hemellichaam te bestu-
deren, kunnen er afbeeldingen van weergaloze resolutie en gevoeligheid gemaakt
worden. Het instrument zal het universum bestuderen bij frequenties van 30 MHz
tot 240 MHz. Door zijn capaciteiten zal het radio-astronomische onderzoek enorm
toenemen, niet alleen wat betreft de bestaande objecten, maar er zullen wellicht ook
allerlei nieuwe types hemellichamen ontdekt worden.
De eerste LOFAR antennes zijn gereed en zijn begonnen met het doen van suc-
cesvolle waarnemingen. Officieel zal het instrument in 2010 in werking worden
genomen. Een groot aantal wetenschappers heeft al vele projecten voorgesteld, enkele
van deze projecten zijn zeer ambitieus, maar zonder twijfel van zeer grote waarde.
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Ee´n hiervan is er het onderzoek naar clusters op zeer lage frequenties. Het huidige
theoretische model voorspelt dat LOFAR in staat zal zijn om vele nieuwe halo’s en
fossielen te ontdekken. Dit zal een vermeerdering van het aantal objecten betekenen
dat we kunnen onderzoeken om huidige theoriee¨n, die hun ontstaan en oorsprong
willen bewijzen, te verbeteren.
De belangrijke eigenschappen die Abell 2255 en Coma in onze waarnemingen
hebben laten zien, hebben deze clusters tot speerpunt van onderzoek gemaakt voor
de baanbrekende LOFAR waarnemingen.
9
Sommario
Non si possiede cio` che non si comprende.
Johann Wolfgang Goethe, Massime e Riflessioni, 1833.
L’ uomo si e` da sempre chiesto quale fosse la sua origine e in quale modo questa
fosse legata all’universo. Lo ha fatto in vari modi, avvicinandosi alla scienza e/o alla
religione. Ha spesso espresso le sue domande attraverso la letteratura, componendo
interi poemi e poesie, oppure attraverso l’arte, dando vita a quadri e sculture di in-
credibile bellezza ed impatto. Nella ricerca delle risposte, l’ approccio scientifico e`
sicuramente quello piu` diretto ed esaustivo. Questo e` il motivo per il quale circa
nove anni fa mi sono avvicinato alla scienza e sono giunto a studiare le tematiche
affrontate in questo lavoro di tesi.
Questo sommario ha lo scopo di illustrare brevemente il lavoro dei miei ultimi quat-
tro anni di ricerca, cercando di rendere i concetti in maniera semplice e di facile
lettura e comprensione. Per capire i dettagli del mio lavoro, ritengo sia molto utile
inizialmente avere un’ idea generale di come e` organizzato l’universo nel quale vi-
viamo.
9.1 L’uomo nell’universo
Noi viviamo su un pianeta chiamato Terra. Il nostro pianeta e` sospeso nello spazio
e viaggia ad una velocita` di circa 30 kilometri al secondo attorno ad una stella detta
Sole. Terra, Sole e altri sette pianeti orbitanti attorno a questo danno vita al Sistema
Solare (vd. Fig. 9.1). La differenza fra una stella e un pianeta e` fondamentale: mentre
una stella produce ed emette luce (radiazione), un pianeta riflette la luce proveniente
dalla stella a lui vicina.
Quando osserviamo il cielo durante una notte stellata rimaniamo sicuramente
affacinati dal numero di stelle che il nostro occhio riesce a percepire. Ad un’ attenta
analisi, potremmo accorgerci che esse non sono distribuite uniformemente nel cielo,
ma esistono regioni con concentrazioni stellari piu` e meno dense. Una zona molto
densa di stelle puo` essere osservata durante una limpida serata estiva e assume le
sembianze di una scia luminosa alta sopra l’orizzonte (vd. Fig. 9.2). La sua origine
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Figure 9.1: Il Sistema Solare. Credit: NASA.
Figure 9.2: La Via Lattea osservata durante una limpida notte estiva. Autore: Richard Payne.
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Figure 9.3: In questa immagine la Via Lattea e` immaginata essere simile alla galassia “Som-
brero”, fotografata dal telescopio spaziale Hubble. Il Sole si trova alla periferia della Via Lat-
tea, a circa 26.000 anni luce dal centro.
ha da sempre affascinato gli antichi, i quali l’hanno mitologicamente associata ad
una scia di latte (via lattea) che una dea aveva sparso nell’allattare il proprio figlio.
Osservata con un telescopio, essa risulta essere costituita da migliaia di stelle, che
ad occhio nudo non siamo in grado di distinguere. L’astronomia ci ha rivelato che
quello che osserviamo non e` che una parte di un agglomerato di stelle a cui il Sole
e noi stessi apparteniamo: la Galassia o Via Lattea. Oltre alle stelle, essa contiene
anche polveri e gas, tutti tenuti assieme dalla forza di gravita`.
La Via Lattea non e` che una delle miliardi di galassie esistenti nell’universo. Ognuna
di queste e` in generale un corpo molto complesso. Le piu` grandi contengono centi-
naia di miliardi di stelle e hanno un diametro di diverse centinaia di migliaia di anni
luce1. Le morfologie delle galassie sono varie, ma molte di esse, fra cui la Via lattea
stessa, hanno le sembianze di un disco con al centro un nucleo (Fig. 9.3). Le stelle
all’interno di una galassia non sono ferme, ma orbitano, talvolta in maniera molto
complicata, attorno al nucleo galattico a velocita` incredibili. Il sistema solare si trova
alla periferia della Via lattea, ad una distanza di circa 26.000 anni luce dal centro e il
Sole orbita attorno ad esso percorrendo circa 250 km ogni secondo.
Le galassie possono trovarsi isolate nello spazio e distare due o tre milioni di anni
luce l’una dall’altra (in questo caso esse vengono definite “galassie di campo”), ma in
molti casi sono raggruppate in gruppi o ammassi di galassie. Gli ammassi di galassie
possono contenere da qualche decina amigliaia di galassie, tutte tenute assieme dalla
mutua attrazione gravitazionale (Fig. 9.4). Assieme alle galassie, gli ammassi os-
pitano una discreta percentuale di gas caldo, che prende il nome di “mezzo intra-
1Questo significa che la luce, che si muove nello spazio con una velocita` di 300.000 kilometri al secondo,
impiega migliaia di anni per viaggiare da un estremo all’altro della galassia.
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Figure 9.4: L’ammasso di galassie ZWCl 0024+1652. Autore: NASA/ESA/HST.
cluster” o “ICM”. All’interno degli ammassi le galassie si muovono descrivendo
delle orbite che le portano talvolta a scontrarsi. Gli effetti di questi “incidenti cos-
mici” possono essere vari: le galassie possono deformarsi e disgregarsi parzialmente,
oppure fondersi.
Gli ammassi di galassie possono organizzarsi in strutture ancora piu` grandi e
dare vita ai superammassi. Gli ammassi sono in questo caso connessi tra di loro
tramite “filamenti” di galassie. La geometria che ne risulta prende il nome di “spugna
cosmica” (vd. Fig. 9.5). All’interno di ogni superammasso possono avvenire colli-
sioni fra singoli ammassi. Queste portano alla formazione di shocks e turbolenza nel
mezzo intra-cluster, che di conseguenza viene enormemente riscaldato ed emette ra-
diazione. Anche l’accrescimento di materiale dall’esterno entro gli ammassi produce
shocks e quindi radiazione. Questi tipi di emissione non sono detettati dai telescopi
ottici, ma da altri tipi di strumenti astronomici (vd. Sez. 9.2-9.3).







Figure 9.5: Simulazione della spugna cosmica, rappresentante la struttura su larga scala
dell’universo. Progetto “Millennium simulation”.
9.2 Lo spettro elettromagnetico e i colori
dell’astronomia
Il mondo che ci circonda e` composto da tante particelle microscopiche dotate di ca-
rica elettrica, gli “elettroni”. Un elettrone immobile genera una forza elettrica nello
spazio circostante (il campo elettrico) che diminuisce con la distanza da esso. Un
elettrone che oscilla produce un campo elettrico variabile nello spazio circostante,
a causa del cambiamento di distanza dall’elettrone durante la sua oscillazione. Una
variazione di campo elettrico genera un campomagnetico. Le oscillazioni del campo
elettrico (e quindi anche del campomagnetico) si propagano dall’elettrone generando
le onde elettromagnetiche. Un secondo elettrone, che si trovi fermo ad una certa dis-
tanza dal primo, comincera` ad oscillare non appena investito dall’onda elettroma-
gnetica prodotta da quell’elettrone. Anche il campo elettrico del secondo elettrone,
allora, verra` perturbato dalle sue oscillazioni e generera` a sua volta un campo ma-
gnetico, consentendo cosı` la propagazione dell’onda stessa. La luce si propaga esatta-
mente in questo modo.
Nella luce le oscillazioni di campo elettrico e magnetico avvengono in varie di-
rezioni. Quando le particelle cariche vibrano preferenzialmente in una sola direzione,
parliamo di luce polarizzata.
Le onde elettromagnetiche sono caratterizzate da una quantita` fondamentale chia-
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Figure 9.6: Lo spettro elettromagnetico. Figura adattata da una immagine NASA.
mata lunghezza d’onda (), che rappresenza il periodo di oscillazione del suo campo
elettrico e magnetico. Il reciproco della lunghezza d’onda (1=) e` detto frequenza.
Quanto maggiore e` la frequenza di un’onda, tanto maggiore e` la sua energia. Tutte le
diverse tipologie di onde elettromagnetiche esistenti in natura sono raggruppate nel
cosı` detto “spettro elettromagnetico” (Fig. 9.6). Radiazioni caratterizzate da diversi
gruppi di lunghezze d’onda (o frequenze) vengono captate da strumenti diversi.
Solamente la luce visibile viene percepita dall’occhio umano. Essa ha una
lunghezza d’onda compresa fra i 380 e i 760 miliardesimi di metro. Lunghezze
d’onda minori corrispondono ai raggi ultravioletti, X e gamma, che hanno tutti
quindi frequenza superiore alla luce visibile e percio` maggiore energia. Le radiazioni
infrarosse, le onde radio e le microonde hanno invece lunghezze d’onda maggiori
della luce e trasportano energia inferiore.
I corpi celesti emettono tutte le tipologie di radiazione elttromagnetica, da quella
radio a quella gamma. Tutte attraversano lo spazio cosmico per arrivare fino al Sis-
tema Solare. Grazie alla presenza dell’atmosfera attorno alla Terra, fortunatamente le
radiazioni piu` energetiche e pericolose per l’uomo (raggi X e gamma) vengono bloc-
cate, mentre le altre riescono a raggiungere la superficie terrestre. Di conseguenza, se
vogliamo studiare l’universo alle onde X e gamma, dobbiamo mandar i nostri stru-
menti in orbita. Se invece lo vogliamo fare alle lunghezze d’onda radio, questo non
e` necessario.
9.3 La radioastronomia e i radiotelescopi
Lo studio dell’universo alle lunghezze d’onda della luce visibile ha ovvimente preso
l’avvio fin nell’antichita`. Il cielo ha sempre rivestito un grosso fascino per i popoli
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del passato. Quando lo stupore ha lasciato spazio alla brama di conoscenza, l’uomo
ha cercato di spiegare in maniera scientifica i fenomeni che vedeva nel cielo. In
questo modo e` nata l’astronomia. Con il progredire della scienza e delle conquiste
tecnologiche, l’astronomia si e` enormemente spiecializzata e si e` suddivisa in varie
branche: astronomia ottica, astronmia gamma, astronomia X, astronomia radio (radioas-
tronomia), astronomia dei neutrini, astronomia delle onde gravitazionali etc... In ogni set-
tore si utilizzano tecniche e strumenti differenti per studiare l’universo. Lo studio
di un oggetto celeste in una sola banda dello spettro elettromagnetico non e` suffi-
ciente per comprenderne la natura. Questo puo` essere fatto solamente combinando
le informazioni provenienti da osservazioni a varie lunghezze d’onda. Lo scopo di
queste investigazioni e` di capire la fisica che governa i corpi celesti e prevederne
l’evoluzione.
La radioastronomia studia l’universo alle lunghezze d’onda che vanno da circa
1 centimetro fino a 10 metri. Onde piu` lunghe vengono riflesse dagli strati piu` alti
dell’atmosfera, mentre quelle immediatamente piu` corte vengono assorbite dal va-
por acqueo atmosferico. La radioastronomia e` un campo relativamente nuovo della
ricerca astronomica. Nonostante la sua giovane eta`, essa ha permesso di studiare im-
portanti fenomeni fisici nel cosmo. Inoltre ha portato alla scoperta di nuovi oggetti
celesti e ha fornito prove evidenti dell’esistenza di materia oscura nell’universo, una
componente fondamentale di galassie e ammassi.
Gli strumenti capaci di captare le onde radio emesse dai corpi celesti sono i ra-
diotelescopi. Essi sono generalmente molto grandi, in quanto devono detettare con
buona risoluzione (cioe` dettaglio) i deboli segnali radio cosmici. I radiotelescopi
possono avere forme diverse, ma quella piu` comunemente usata e` la parabola. In
Fig. 9.7 presentiamo un’immagine del radiotelescopio di Arecibo, uno degli stru-
menti piu` grandi sulla Terra. Il suo diametro e` di approssimativamente 300 metri!
Con la crescente necessita` di maggior risoluzione nello studio dei corpi celesti e la
voglia di spingersi piu` lontano nell’indagine del cosmo, fu chiaro che strumenti di
piu` grandi dimensioni erano necessari. L’avvento di tecniche di osservazione quali
l’interferometria, ha portato allo sviluppo di una serie di radiotelescopi costitutiti da
piu` antenne che osservano all’unisono. Tali strumenti sono detti radiointerferometri e
riproducono radiotelescopi di grandissime dimensioni. In Fig. 9.8 si mostra il radio
telescopio WSRT, lo strumento che e` stato utilizzato per questo progetto di tesi.
I radioastronomi non limitano le proprie indagini scientifiche all’ “ascolto” dei se-
gnali radio provenienti dall’universo. Le onde radio captate dai radiotelescopi ven-
gono raccolte, amplificate, ripulite da eventuali interferenze e processate attraverso
programmi che sono in grado di produrre immagini fedeli degli oggetti che lo stru-
mento ha osservato.
9.4 L’emissione radio nell’universo: il sincrotrone
Il meccanismo che origina le onde radio nei corpi celesti e` principalmente il sin-
crotrone. La radiazione di sincrotrone si origina quando, all’interno di una sorgente,
gli elettroni si muovono interagendo con i campimagnetici. Per capire meglio questo
tipo di emissione e` utile rappresentare i campi magnetici con delle cosı` dette “linee
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Figure 9.7: Il radiotelescopio di Arecibo.
di forza”, lungo ognuna delle quali il campo magnetico si mantiene costante. Gli
elettroni nelle radio sorgenti descrivono un moto a spirale attorno alle linee di forza
e vengono accelerati, emettendo di conseguenza radiazione (vd. Fig. 9.9). L’intensita`
di questa emissione dipende dall’energia guadagnata dagli elettroni e dall’intensita`
del campo magnetico in cui essi spiraleggiano. Nei casi astrofisici si ha a che fare con
campi magnetici abbastanza deboli e questo fa sı` che la radiazione di sincrotrone
abbia energie caratteristiche delle lunghezze d’onda radio. Il sincrotrone e` un pro-
cesso radiativo di grande interesse astrofisico e fornisce fondamenali informazioni
sulla fisica delle radiosorgenti, sui loro campi magnetici, sulla loro eta` e sui mecca-
nismi che hanno portato alla loro formazione. Una caratteristica fondamentale della
radiazione di sincrotrone e` di essere fortemente polarizzata.
9.5 Questa tesi
In questa tesi abbiamo osservato e studiato la radiazione di sincrotrone prodotta
negli ammassi di galassie. Gli oggetti celesti che producono onde radio negli am-
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Figure 9.8: Il radiointerferometro WSRT, utilizzato durante il progetto di tesi.
massi sono essenzialmente due: le radiogalassie e l’ICM.
9.5.1 Le radiogalssie
Le radiogalassie sono galassie caratterizzate da un’emissione di onde radio molto
intensa (circa 100 volte rispetto a quelle normali). La prima radiogalassia venne
scoperta negli anni trenta del secolo scorso all’interno della costellazione del Cigno
e le venne dato il nome di Cygnus A (vd. pannello superiore di Fig. 9.10): essa
emette onde radio un milione di volte piu` intensamente della nostra galassia. Con
lo sviluppo dei radiotelescopi e dei radiointerferometri si sono potute identificare
altre forti radiosorgenti nel cielo, come ad esempio M82, M87 e Centaurus A. Le
radiogalassie estese negli ammassi hanno generalmente dimensioni molto grandi
(milioni di anni luce) e ospitano sempre una galassia ottica nel loro nucleo, detta
galassia ospite. L’emissione radio si origina al centro di questa galassia, dove esiste
un motore di energia molto potente (un buco nero). Questo, accrescendo materiale
dallo spazio circostante, produce due getti di radiazione in direzione perpendicolare
a quella del disco della galassia ospite (vd. pannello inferiore di Fig. 9.10) e che
talvolta si estendono per milioni di anni luce nello spazio, ben oltre i limiti della
galassia ospite. I getti, contenendo elettroni e campi magnetici, danno vita ad una
246 chapter 9: Sommario
Figure 9.9: La radiazione di sincrotrone emessa da un elettrone spiraleggiante attorno alle
linee di forza del campo magnetico. Autore: http://www.astronomyonline.org.
intensa radiazione di sincrotrone.
Quando i getti interagiscono con il gas che si trova negli ammassi (l’ICM), ven-
gono modellati e danno vita a morphologie particolari. In questo caso si generano
le cosı` dette radiogalassie testa-coda. I due getti prodotti nelle regioni nucleari della
galassia ospite vengono curvati all’indietro a causa della pressione del mezzo es-
terno e vanno a formare una lunga coda di emissione radio (vd. Fig. 9.11). Quando
si studia la radiazione di sincrotrone nelle diverse regioni delle radiogalassie si pos-
sono ottenere importanti informazioni riguardo l’origine e l’evoluzione delle radio-
galassie stesse. Inoltre l’interazione fra emissione radio e ICM permette di derivare
importanti informazioni sulla dinamica e la fisica degli ammassi di galassie.
9.5.2 Gli aloni e i relitti
Altre componenti fondamentali dell’emissione radio negli ammassi di galassie sono
gli aloni e i relitti.
Gli aloni sono radiosorgenti di grandi dimensioni dalla morfologia regolare (pre-
valentemente sferica) localizzati al centro degli ammassi. La loro emissione non e`
polarizzata. I relitti hanno pure dimensioni molto grandi, ma si trovano collocati
solitamente alla periferia degli ammassi, dove presentano una morphologia allun-
gata e un’emissione fortemente polarizzata (vd. Fig. 9.12).
Si ritiene che la turbolenza e gli shocks prodotti negli ammassi in seguito a
un evento di collisione siano all’origine della formazione di queste sorgenti.
Questi eventi rilascerebbero un’enorme quantitaivo di energia nell’ICM, accelerando
gli elettroni che, interagendo con i campi magnetici pure presenti nell’ICM, dareb-
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Figure 9.10: Pannello superiore: la radiogalassia Cygnus A a 5 GHz (Perley et al. 1984).
Pannello inferiore: rappresentazione della regione nucleare.
bero vita all’emissione osservata.
La detezione e lo studio di aloni e relitti negli ammassi di galassie e` molto impor-
tante in quanto fornisce una prova diretta dell’esistenza di campi magnetici dis-
tribuiti su grandi scale nell’ICM. Lo studio dell’emissione polarizzata in aloni e relitti
e` unmezzomolto importante nella ricerca dell’origine ed evoluzione di questi campi
magnetici. Inoltre, aloni e relitti forniscono la diretta evidenza che l’ammasso si trova
in uno “stato dinamico perturbato”, cioe` che e` (recentemente) entrato in collisione.
Uno studio generalizzato della presenza di aloni e relitti negli ammassi e` pertanto
utile per capire la dinamica dell’universo.
A tutt’ora aloni e relitti non sono stati detettati in tutti gli ammassi di galassie
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Figure 9.11: La radiogalassia testa-coda 3c12 a 300 MHz (Lane et al. 2002).
conosciuti e nemmeno in tutti quelli che si trovano in uno stato dinamico perturbato.
Le teorie correnti che meglio riescono a spiegare le loro proprieta` osservative non
sono in grado di giustificare questo aspetto. E` pertanto importante raccogliere un
campione di sorgenti piu` numeroso che permetta di raffinare le teorie e renderle
capaci di riprodurre completamente le osservazioni.
Uno dei tratti distintivi di aloni e relitti e` di essere originati da particelle cariche
piuttosto vecchie (centinaia dimilioni di anni) e conseguentemente poco energetiche.
Queste possono essere detettate solo tramite osservazioni radio a bassa frequenza.
Per questo motivo le osservazioni radio per questo progetto di tesi sono state ese-
guite fra 1.4 GHz e 150 MHz.
Indagini di questo tipo rappresentano un territorio pressoche` inesplorato per la ra-
dioastronomia. Solamente negli ultimi anni i radiointerferometri sono stati equipag-
giati con ricevitori a basse frequenze. Si e` presto capito che per avere buoni risultati
scientifici e` necessario affrontare e risolvere i numerosi problemi che le osservazioni
a questi regimi di frequenze presentano.
9.6 Le osservazioni radio a basse frequenze: prob-
lemi e soluzioni
Uno dei fattori che piu` rende difficili gli studi radioastronomici alle basse frequenze
e` legato alla ionosfera. La ionosfera e` lo strato piu` esterno dell’atmosfera terrestre.
Si estende fra i 60 e i 450 kilometri al di sopra della superfie della Terra ed e` carat-
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Figure 9.12: L’emissione radio dell’ammasso di galassie Abell 2255.
terizzata dalla presenza di un’elevata concentrazione di particelle cariche prodotte
dall’interazione fra i gas ionosferici e la radiazione proveniente dal Sole. Di con-
seguenza, la quantita` di particelle cariche nella ionosfera varia durante le 24 ore,
essendo minima durante la notte. La ionosfera inoltre non e` uniforme, ma turbo-
lenta, nel senso che da una zona all’altra del cielo cambia sensibilmente le proprie
caratteristiche fisiche.
Le variazioni di densita` elettronica durante il giorno rendono difficoltoso lo stu-
dio della polarizzazione delle sorgenti cosmiche a causa di un fenomeno che prende
il nome di “Rotazione di Faraday ionosferica”. Quando un segnale radio dall’univer-
so attraversa la ionosfera, la direzione in cui il campo elettrico vibra ruota rapida-
mente. Se durante un’osservazione (che puo` durare parecchie ore), la rotazione e`
molto grande, si puo` produrre una completa depolarizzazione dell’onda elettroma-
gnetica. Questo fenomeno e` particolarmente importante alle basse frequenze perche`
la rotazione qui avviene piu` velocemente. Per far fronte a questo problema si cos-
truiscono dei modelli di rotazione ionosferica. Se si hanno informazioni su come
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e` variato il contenuto elettronico della ionosfera durante l’osservazione, e` possibile
riprodurre la rotazione ionosferica subita dal segnale radio e sottrarla allo stesso.
In questo modo si rimane col segnale originario che il radiointerferometro avrebbe
ricevuto se fosse stato posizionato al di fuori dell’atmosfera.
Pure la turbolenza ionosferica rende problematiche le osservazioni a bassa fre-
quenza. Il segnale radio che attraversa regioni della ionosfera con caratteristiche di-
verse viene modificato in modo diverso. Le tecniche di elaborazione del segnale non
riescono a correggere questo effetto e le immagini finali sono generalmente piene
di imperfezioni. Per migliorarle e` necessario utilizzare tecniche di elaborazione del
segnale piu` sofisticate, che tengano conto della turbolenza ionosferica e correggano
per essa ogni diversa regione del campo osservato. Solo negli ultimi anni queste
procedure sono state implementate.
Problemi con le osservazioni a bassa frequenza sono dovuti inoltre alle caratte-
ristiche del cielo radio stesso. Esso possiede forti sorgenti di onde radio che, pur
trovandosi a grande distanza dagli oggetti che si osservano, disturbano le osser-
vazioni, producendo degli artifatti nelle immagini finali. Per migliorare le immagini
e` necessario sottrarre al segnale totale ricevuto dal radiotelescopio quello relativo
alle sole sorgenti problematiche. Pure queste tecniche sono diponibili oggigiorno,
ma richiedono parecchio tempo di calcolo per i computer.
In ultima istanza, le numerose interferenze radio prodotte dall’uomo alle basse
frequenze sono pure un fattore che compromette la buona qualita` dei dati osserva-
tivi. Il loro miglioramento consiste nella cancellazione delle interferenze. Questo e`
un processo che gia` alle alte frequenze richiede molto tempo, in quanto necessita di
un’accurata ispezione dei dati da parte dell’uomo. Alle basse frequenze ne richiede
molto di piu`, a causa dell’enorme volume occupato dai dati (addirittura alcuni Te-
rabyte). E` pertanto necessario che il lavoro di ispezione e miglioramento dei dati
venga fatto in maniera automatica. Tecniche di questo tipo sono state sviluppate
soprattutto negli ultimi anni, ma necessitano di essere migliorate, soprattutto per
quanto riguarda il tempo di elaborazione, che e` ancora troppo lungo.
9.7 Gli ammassi di galassie oggetto di studio
Gli ammassi di galassie studiati durante questo progetto di tesi sono Abell 2255
e Coma. Nelle prossime due sezioni riassumeremo le principali caratteristiche di
questi due ammassi e gli importanti risultati ottenuti in questa tesi.
9.7.1 L’ammasso Abell 2255
Abell 2255 si trova ad una distanza di circa 900 milioni di anni luce dalla Terra. Nel
corso degli anni e` stato osservato in tutte le bande dello spettro elettromagnetico,
mostrando in ogni caso segni di un’intensa attivita` dinamica, probabilmente dovuta
ad un evento di collisione che lo ha visto protagonista circa 150 milioni di anni fa.
Osservato con un normale telescopio ottico, Abell 2255 rivela la presenza di una folta
corte di galassie al centro e altri piccoli gruppi di galassie orbitanti ad una distanza
di circa 300 000 anni luce. Osservato con i radiotelescopi, Abell 2255 ospita un alone
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al centro e un relitto alla periferia (vd. Fig. 9.12). L’alone ha una forma rettangolare
ed e` dominato da tre brillanti filamenti ai bordi, perpendicolari fra di loro. Il nostro
interesse per questo cluster ha preso avvio nel 2005, quando si scoprı` che i tre fila-
menti sono altamente polarizzati. Questa rappresenta la prima detezione di un alone
polarizzato nell’universo e pertanto era importante capire quale ne fosse l’origine.
Lo studio della distribuzione di ammassi di galassie attorno ad Abell 2255 ha inol-
tre rivelato che questo ammasso si trova all’interno di un grande superammasso di
galassie conosciuto con il nome di “North Ecliptic Pole Super-Cluster (NEPSC)” e
contenente almeno altri 21 membri oltre ad Abell 2255. L’interazione di Abell 2255
con gli ammassi vicini dovrebbe produrre segni detettabili specialmente con osser-
vazioni alle basse frequenze radio.
Per indagare i due aspetti citati sopra abbiamo intrapreso una campagna di os-
servazioni radio di Abell 2255 col radiointerferometro WSRT. I risultati ottenuti con
queste indagini hanno enormemente arricchito la nostra genrale conoscenza di aloni
e relitti negli ammassi.
Attraverso lo studio a 1.4 GHz della polarizzazione associata ai filamenti e alle ra-
diogalassie dell’ammasso, siamo stati in grado di provare che i primi non sono legati
all’alone. Si tratta di strutture in primo piano che solo per un effetto di prospettiva
sono viste essere al centro dell’ammasso. Il fatto che esse siano poi altamente polariz-
zate e abbiano una morfologia allungata suggerisce che siano relitti e non strutture
facenti parte dell’alone centrale. Per ottenere questo risultato abbiamo utilizzato una
tecnica di analisi della polarizzazione del segnale radio piuttosto innovativa, il cui
nome e` Sintesi-RM. Il nostro studio rappresenta il primo esempio di una efficace ap-
plicazione della Sintesi-RM agli ammassi e suggerisce che questa tecnica e` la chiave
per determinare la struttura tri-dimensionale degli ammassi di galassie (vd. Cap. 4).
Importanti risultati sono stati anche ottenuti durante lo studio dell’emissione pola-
rizzata di Abell 2255 a 350 MHz. In questo caso le immagini sono dominate
dall’emissione radio della Via Lattea, che fa da schermo all’ammasso in secondo pia-
no. Cio` ha reso sicuramente difficoltoso lo studio di Abell 2255, ma ci ha fornito
la possibilita` di imparare molte cose relative alla struttura della nostra galassia in
banda radio (vd. Cap. 5).
Sempre a 350 MHz, le osservazioni hanno inoltre rivelato che Abell 2255 ospita
delle strutture filamentari a grande distanza dal centro (vd. Cap. 2). La loro geome-
tria, posizione entro l’ammasso e proprieta` fisiche suggeriscono che queste si siano
originate tramite l’accrescimento di materiale dall’esterno nell’ ammasso. Questa
rappresenta una delle prime detezioni di strutture di questo tipo in radioastronomia
e suggerisce che le osservazioni radio, specialmente quelle a bassa frequenza, siano
la chiave per detettare strutture di questo tipo e, piu` in generale, per visualizzare la
“spugna cosmica”.
Osservato a 150 MHz, Abell 2255 ha rivelato la presenza di una struttura radio
piuttosto interessante a nord-ovest dell’alone (vd. Cap. 3). Il suo studio ha per-
messo di ricavare che in esso emettono elettroni molto vecchi e poco energetici. Una
classe di elettroni che non e` tipica ne` degli aloni ne` dei relitti. Anche la sua morfolo-
gia e posizione all’interno dell’ammasso non si concilia con quelle tipiche di queste
due ultime classi di oggetti. La nostra conclusione e` che questa sorgente e` probabil-
mente un nuovo tipo di struttura (da noi chiamataMDS), mai osservata prima negli
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ammassi di galassie. Solamente le piu` basse frequenze radio hanno il potenziale di
detettare strutture di questo tipo.
Il paragone fra le osservazioni condotte a 1.4 GHz e 350 MHz ha messo in luce
un’importante proprieta` di una delle radiogalassie appartenenti ad Abell 2255, cioe`
quella di avere una coda che aumenta enormemente in lunghezza fra queste due
frequenze, passando da circa 300 000 a 3 milioni di anni luce! Ne deriva che gli
elettroni nella parte terminale della coda sono molto vecchi, in quanto detettabili
solamente alle piu` basse frequenze (energie). E` interessante notare che le parti me-
ridionali dell’alone possiedono elettroni con le stesse caratteristiche. Essi sono stati
con buona probabilita` forniti all’alone dalla radiogalassia, uno scenario che e` attual-
mente favorito per l’origine degli elettroni negli aloni (vd. Cap. 3).
9.7.2 L’ammasso di Coma
L’ammasso di Coma si trova a circa 300 milioni di anni luce dalla Terra. E` uno degli
ammassi di galassie piu` studiati di tutti i tempi. Inizilmente Coma era famoso in
quanto era considerato il prototipo di ammasso non dinamico. Studi approfonditi in
banda X e radio hanno pero` rivelato che si trova in uno stato dinamico perturbato.
Osservato alle lunghezze d’onda radio Coma rivela la presenza di un alone e un
relitto. Entrambi sono stati oggetto di molte investigazioni. Le nostre osservazioni
hanno messo in luce la presenza di strutture simili a quelle detettate in Abell 2255
a bassa frequenza: un filamento a grande distanza dal centro e una probabile MDS
(vd. Cap. 6). Questa e` una prova in piu` a sostegno dell’ipotesi che gli ammassi di
galassie hanno molte cose da rivelare alle piu` basse frequenze.
9.8 Verso le piu` basse frequenze: il LOFAR
I nostri risultati hanno permesso di sciogliere molti dubbi relativi ad Abell 2255 e
Coma. Nuove domande si sono pero` fatte strada e per rispondere a queste e` neces-
sario spingere le nostre osservazioni a frequenze radioastronomiche ancora piu` basse
di quelle fornite dal WSRT. Le nuove indagini ci dovrebbero permettere di produrre
immagini di ammassi piu` profonde e dettagliate. La chiave per questo tipo di studi e`
fornita dal LOFAR, un radiointerferometro di nuova generazione che e` attualmente
in costruzione.
Il LOFAR e` uno strumento che si compone di migliaia di antenne sparse sul suolo
europeo (vd. Fig. 9.13). Osservando contemporaneamente lo stesso oggetto celeste,
esse forniranno immagini di incredibile dettaglio e sensitivita`. Lo strumento si pro-
pone di studiare l’universo a frequenze cha vanno dai 30 MHz fino ai 240 MHz. Le
sue potenzilita` faranno enormemente avanzare la ricerca radioastronomica, permet-
tendo non solo di studiare piu` a fondo gli oggetti che gia` si conoscono, ma anche di
scoprire nuove classi di fenomeni celesti.
Le prime antenne LOFAR sono gia` in posizione e hanno recentemente cominciato
le osservazioni con successo. Il 2010 segnera` l’ufficiale apertura dello strumento.
Molti scienziati hanno gia` proposto diversi progetti di osservazione, alcuni dei quali
molto ambiziosi, ma sicuramente importanti. Fra questi spicca lo studio degli am-
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Figure 9.13: Le stazioni LOFAR in Europa.
massi di galassie alle piu` basse frequenze. I modelli teorici prevedono che il LOFAR
sara` in grado di detettare nell’universo moltissimi nuovi aloni e relitti alle piu` grandi
distanze cosmiche. Cio` aumentera` il campione di oggetti a disposizione degli scien-
ziati per perfezionare le esistenti teorie che cercano di spiegare la loro formazione ed
evoluzione.
Le importanti properita` mostrate da Abell 2255 e Coma nelle nostre osservazioni
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